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1.0 Warnings

Do NOT save your Arena models on floppy disks. Floppy disks are a very fragile media and
are bound to become damaged no matter how carefully you take care of them. Save your
work frequently onto a more stable source such as a hard drive, network drive, or a USB
key. It should be noted that USB keys aren’t without their own problems — but they are
much more reliable than floppy disks.

Do NOT save documents directly on the hard drives of public computers as those files are
often deleted every time you reboot the computer. If the computer crashes and reboots,
you will lose any files on the hard drive.

Do NOT save Arena models deep within the folder structure of your computer. There is a
limitation in Crystal Reports (the reporting mechanism of Arena) that cannot handle
exceptionally long file paths. In newer operating systems (Windows 2000 or Windows XP) if
you save your Arena models under My Documents or the Desktop you may have problems.
This is because the actual path to these folders is already quite long. For example, the path
to the My Documents folder in Windows XP is “C:\documents and settings\user name\My
Documents”. If you were to save your model within a few folders under My Documents, it is
likely you would run into this problem. A safe location to save these models is to create a
folder called “Arena” directly on the C:\ drive and then create a folder for each model inside
this folder.

Arena will not display reports if you run your simulation from a non-writeable media (such
as a CD or a write-protected floppy/USB key), as it cannot write the reports. Also, Arena will
not display reports if you run the simulation from inside a compressed folder (zip) for the
same reason. Save your model to the hard drive or a writeable media before running the
simulation.

2.0 Prerequisites

The “Simulating Distributions” section assumes you have some functional skills using
Microsoft Excel. The sections that cover Arena do not require you to have any previous
experience with Arena; however, reviewing some of the resources identified in the
“Additional Resources” section would be helpful. The Arena sections do assume you have
some theoretical knowledge of queuing systems.
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3.0 The Simulation Process

Many students feel that they need to open Arena right away after being given a problem.
However, there are many steps that need to be completed before you begin simulation in
Arena. The following is a series of steps that should be followed when performing a
simulation:

1. Understand problem/system

2. Be clear about project goals

3. Formulate model representation; identify assumptions; set level of detail; identify
inputs & outputs

4. Collect data for inputs; fit probability distributions

5. Build model (Excel, Arena, Crystal Ball, ...)

6. Verify computer model represents conceptual model (walk thru)

7. Validate computer model

8. Compare inputs/outputs from model with reality (test data)

9. Design experiment(s)

10. Run experiment(s)
11. Analyze results; draw conclusions; insights? Implications?
12. Document what you’ve done

You can see that Arena doesn’t come into play until the 5™ step. It is important to recognize
that a fair amount of time needs to be spent understanding the system, choosing how
detailed the simulation will be, validating your model, etc.

This workbook will largely cover steps 4-7 (collect data, build model, verify/validate model)
as well as steps 10-11 (run experiment, analyze results), however, some time will be spent
describing the thought processes that need to happen while designing a model to simulate
in Arena. Modeling in Arena is much easier if you spend a significant amount of time
understanding the situation before you ever open the program.

Page 4



Introduction to Simulation

4.0 Simulating Distributions

This section will introduce you to simulating arrivals (i.e. people arriving at a business)

using various distributions in Microsoft Excel and Arena. In the following examples it is

assumed that someone has already collected and analyzed the data to determine which
distribution applies and what the relevant variables are.

You’ll find much more information on how Arena works when we visit the actual examples
later in this module (Section 6.0: Example One). We won'’t define entities, processes,
resources, etc. yet, as that will be covered in detail later. We will simply set up a “Create”
module (to create entities) and analyze the reports to see how closely Arena simulated the
distributions.

It should be noted that some distributions, such as Poisson, are used more often to simulate
inter-arrival times, while other distributions, such as exponential, are used more often to
simulate service times.

4.1 Introduction to RAND()

We will make extensive use of RAND() in the Microsoft Excel examples in this section.
RAND() is a function in Excel that will randomly create a number between 0-1. This number
is recalculated any time a change is made in Excel (or if you force an update using F9 on
the keyboard).

Why is RAND() used?

Probability values are always between 0.0 and 1.0 (0% to 100%b), therefore, RAND() is very
helpful, as it creates a random number exactly within this range. We can treat this number
as a probability and therefore use it as input into various distributions. Of course, you could
always come up with the numbers yourself (as long as they are between 0.0 and 1.0) but if
you want to model several hundred (or even thousand) random samples, using RAND() is a
much quicker way of coming up with these numbers.

To practice:
1. Open Microsoft Excel
2. Click cell A1
3. Type the following in the formula bar:
=RAND()
Note that a number appears in that cell that is between 0-1
Hitting F9O will cause Excel to re-calculate the random number
Copy/paste this formula (or use the drag bar) down to cell A5
Note how the numbers are different, and change when you hit F9 — note also that
they numbers continuously stay within the range 0-1

No ok
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Your spreadsheet should look something like this (but the values will differ):

A, E

1 (08347171

2 0B4704

3 0.34B7E

4 0.003703

5 0.861524

a]

7

Note: Excel will never actually calculate the number 1.0 when evaluating RAND(), however
it will come very close (i.e. 0.99999999) which is, for most purposes, more than close
enough.

4.2 “Freezing” RAND() values

Since RAND() is re-calculated any time a formula/cell/chart/etc. is updated in Excel, it can
be difficult to come to any “permanent” conclusions when your data is constantly changing
its values. If you ever want to “freeze” the values of RAND() so that they stay the same,
follow these steps:

Select the data you want to “freeze”

Click Edit

Click Copy

Click Edit

Click Paste Special

Click Values

Click OK

NoohwNE

These steps force Excel to copy/paste the data on top of itself, but instead of pasting the
formula =RAND() again, it pastes the actual values that were calculated. Now your data
will stay the same, no matter what changes you make. If you ever want the data to be
recalculated again, simply replace the values with the =RAND() formula again.

4.3 Continuous Uniform Distributions
The formula to determine the value x of a continuous uniform distribution:

x=a+[px(b-a)]

Variables:

a is the minimum value of the distribution
b is the maximum value of the distribution
p is the probability (a value from 0-1)

A continuous uniform distribution is one where the range of values between a and b is
uncountable. For instance, time units can be broken up further than just seconds; therefore
the range of values is uncountable.

Example:

p=0.20

a=4

b=8

x=4+[0.20x (8—4)]
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Xx=4.8

Simulating in Excel:

Following the above example, let's assume that customers arrive at Joe’s Pizza Shack every
4-8 minutes in a uniform distribution. We want to simulate the time that will elapse between
each arrival. Note: a=4, b=8, p will be calculated.

1. Create an Excel spreadsheet that has the heading “Input” in cell A1 and the heading
“Time Between Arrivals (minutes)” in cell A2.

L

4
5

:
3

A,

Input

B = ] E

Time Between Arrivals (minutes)

L1

2. Under the “Input” column, type =RAND() into cell A2
3. Copy/paste/drag this formula down 9 more rows so that you have 10 rows of
random input data (in the range 0-1)

A,

Llnput

2

3
4
5
5]
E
a
9

L s
1= O

0.2194
0914331
025323
0.7 426512
01776812
0301011
06345975
0.354629
0.553545
0.07E362

B C D E
Time Between Arrivals (minutes)
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4. Next, type the uniform distribution formula (shown earlier) into cell B2, substituting
the a with 4, b with 8, and the p value with a reference to cell A2 (as it will contain
the calculated probability for that row).

B2 - A =4HAZ(E-4)
A, B D E
1 Input i etween Arrivals (minutes)
2| 0s879 53515981
3 0225301
4 0275226

5. Drag this formula down to the other 9 rows
1 Input Time Between Arrivals (minutes)
2| ozzm 48924
3 0746663 6595665

0784749 7138993

0897793 B.391171

0.376831 | 5507563

0480778 592311

0.89476 | 7579033

0.894309 7877236

02665457 5021829

0.436354 | 5745418

L T Tt R Ty Y-

— =
—

You now have good estimates as to how many minutes will elapse between each of the next
10 arrivals. These are known as inter-arrival times and are the first step in simulating
systems using Microsoft Excel. Of course, this example isn’t limited to only ten rows — you
could create hundreds of rows of data simply by dragging these formulas down further.

Simulating in Arena:
1. Open Arena

2. Save the model (preferably in its own folder)
3. Drag a “Create” module into the work area

==l
Ll Basic Frocess
Create isp0se
0 < |
Process Decide Create 1 \h
/
M —_

4. Click the “Create” module (once) to make sure it is selected
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5. Drag a “Dispose” module into the work area

il |
el Basic Frocess
D A
Creake Dispose ™

Process Deride Creste 1 \= Dizpose 1
/ \ u
—— e

Note: If your modules did not automatically connect, you will need to connect it
manually. To do so, click the connect button (shown below) and click the two black
dots on each module to connect them.

BN E
- e 3 M e

6. Double-click the “Create 1” module that was dragged in

Create

Mame: Entity Type:

|Ereate 1 ﬂ |Er1l:il:_l,I 1 ﬂ

Time Between Arrivalz

Type: Walle: Units:

|Flan|:||:|m [Expia] j |'|| |H|:|urs j
Entities per Arrival: b aw Ariveals: FEirgt Creation:

I lInfirite 0.0

] | Cancel | Help

7. We can leave “Name” and “Entity Type” as their defaults, as they are only there as
labels.

8. Change “Units” to minutes, as our distribution (and variables) are defined in minutes

9. Entities per arrival = 1 (the number of entities that are created)

10. Max arrivals = Infinite (the population limit)

11. First creation = 0.0 (amount of time to elapse before creating the first unit)
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12.Under “Type” choose “Expression”

QK | Cancel |

Mame: Entity Type:

|Ereate 1 ﬂ |Entit_l,l 1 j
Time Between Arrivals

Type: Expression: Urits:

|E:-:|:|ressi|:|n ﬂ |'| ﬂ |Minutes ﬂ
Entitiez per Arrival; b aw Arrivals: FEirst Creation:

1 Irifirite] 0.0

Help

Note: “Type” is the most important section of this module. This defines what

distribution (and key variables) the “Create” module will use when creating entity

arrivals.

13. Right-click anywhere in the “Expression” dropdown menu

M amne: Entity Type:
|Ereate 1 ﬂ |Entit_l,l 1 ﬂ
Tirne Betweern Arrivals
Type: Expression: Urits:
|E:-:|:|ressi|:|n j A j
Entities per Amival: b aw A Cut
1 Irfirite | Copy
OK  Delete Help
Select all
Build Expression...

14. Click “Build Expression”
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15. Click the + beside “Random Distributions”

Expression Builder,

Expreszion Type:
BE R andom
Beta
Continuous Probability
Discrete Probability
k-Erlang
Emponential
Garnma
Johnzon
Lognormal
MHarrnal
Paizsan b7

S I I S R A e T e T et By

Current E xpression:

0k | Cancel | Help |

X)

defined as “Uniform”

]

Expression Builder,

Eprzedon 11 Hinimum ' alue:

0.5

Dizcrete Probability
k-Erlang
Expanertial bl amirmurn W alue:
Gamma |-|
Jaohinzon

Lagnormal

Mormal

Paizzon w
Triangular

Unifarm

' eibull b’

I R B R R i R T Ty

Current Expression:
UMIF[0.5,1]

|

Cancel

o]

Help

16. Choose the distribution in question (in this case, a Continuous Uniform distribution is
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17. Specify the key variables (i.e. the minimum and maximum values), in this case,
Minimum = 4 and Maximum = 8.

Expression Builder

Expression Type:

Minirmum alue:

(%]

Dizcrete Probability
k-Erlang
Exponettial
Gamma
Johnzon
Lognormal
Marmnal
Poizzon
Triangular
Urifarm
Wbl

Current Expression:

b

|4

b Emirnum ' alue:

E

e fo] =l | o] el ] wd o] ] el

LMIF[4.8]

]

Cancel |

Help |

18. Note how it types the expression for you under Current Expression — this is the
language Arena uses to define its expressions — we use the Expression Builder if we

aren’t familiar with how to write it ourselves.

19. Click OK

20. Note that Arena has t

Hame:

Entity Type:

|Ereate 1

Time Between Arrivalz

| [Entity 1

Type: Exprezsion: Units:
|E:-:|:|ressi|:|n ﬂ |UN|F[4,E] ﬂ |I'v1inutes ﬂ
Entitiez per &rrival: Manw Arrivealz: Eirst Creation:
I Irifirite 0.0
k. | Cancel | Help

21.Click OK

ped the expression for you in the “Expression” field

Now that our entities will arrive according to our distribution, we’ll set some reporting
parameters and analyze the output. We’'ll attempt to validate our model by analyzing the
range of arrival times that Arena uses. They should fall within our distribution.

1. Click Run (at the top)
2. Click Setup
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3. Click “Replication Parameters” (at the top)

4. Number of replications: 1 (this is how many times it will repeat the simulation, we
just want 1)

5. Replication length: 24 with Time Units: Hours (we’ll simulate a whole day, however
for more accurate results, you'd normally want 1000 hours)

6. Base time units: Minutes (we want our reporting to be in minutes, since our
distribution units are in minutes as well

Run Setup
Fun Speed Fun Contral ] R eports ]
Froject Parameters Replication Parameters

Nuriber of Replications: Initialize Between Aeplications

|1 Iw Statistics [v System

Start Date and Time:

E

Warm-up Period: Time Unitz:

||:|.|:| |H|:|urs ﬂ
R eplication Length: Time Unitz:

|24 |H|:|urs ﬂ
Hours Per Day: Baze Time Unitz:

|24 |Minutes j

T erminating Condition:

] | Cancel Help

7. Click OK

Let’s run our simulation now and analyze the reports.
1. Click the “GO” button to begin the simulation.

O M

2. After waiting a little while for the simulation to finish, you’ll be asked if you want to
see the results, click YES

3. We will cover analyzing the reports in much greater detail later, but quickly analyzing
this portion of the report, suggests that our distribution is being simulated correctly:

Other
mHumber In
Walue
Entity 1 239
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This report states that in a 24 hour period (which we defined as the Replication Length), on
average (in our 10 replications), 239 entities arrived. Since there are 60*24 = 1440
minutes in a day, and each arrival falls somewhere between 4-8 minutes (according to our
Uniform distribution), that means we should expect an absolute minimum of 1440/8=180
arrivals per day, absolute maximum of 1440/4=360 arrivals per day, and an average of
1440/6=240 arrivals per day. Therefore, our model appears valid.

Note: The denominator of 1440/6 is the expected average of the uniform distribution
(b+a)/2 = (8+4)/2 = 6.

4.4 Discrete Uniform Distributions

A uniform distribution is discrete if all the possible values within the range are countable.
For the purposes or inter-arrival times, a discrete uniform distribution would rarely be used;
because units of time are continuous (there are so many units that they are uncountable).
However, it is worth discussing how to simulate a discrete uniform distribution in Excel,
should you need to. Note: Often continuous distributions are used to simulate discrete
distributions because the number of possible values is countable, but too large.

There are two formulas for the typical types of discrete distributions you’ll face.
Formula #1:

This formula will model a distribution of integers between min and max.

Excel formula: =TRUNC(r*((max-min)+1),0) + min

TRUNC: Excel formula that truncates (removes) the decimal portion of a
number to the n decimal. In this case, n=0.
r: a reference to a cell that contains a random number between O
and 1, or the RAND() function could be typed here directly.
max: The largest number in the distribution, in this case it will be 6
min: The smallest number in the distribution, in this case it will be 1

To show a real-life use of this formula, we will use the following sample distribution:
1, 2, 3, 4,5, 6 (min=1, max=6)

In Excel, you would fill in r, max, and min to get:
=TRUNC(RAND(*((6-1)+1),0) + 1

Formula #2:

This formula is more complicated because it can simulate a distribution of real numbers
between min and max in 1/f increments, where f >= 1.

Excel formula: =(TRUNC(r*(((max*f)-(min*f))+1),0) + (min*f)) / f

TRUNC: Excel formula that truncates (removes) the decimal portion of a
number to the n'" decimal. In this case, n=0.
r: areference to a cell that contains a random number between 0
and 1, or the RAND() function could be typed here directly.
max: The largest number in the distribution, in this case it will be 6
min: The smallest number in the distribution, in this case it will be 1
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f: The denominator of the 1/f ratio. For example, to get 0.5
increments, f would be 2, because 1/f=1/2=0.5. To get 0.25
increments, f would be 4, because 1/f=1/4=0.25.

To show a real-life use of this formula, we will use the following sample distribution:
1,1.5, 2,25, 3, 3.5, 4,4.5,5, 5.5, 6 (min=1, max=6)

In Excel, you would fill in r, max, min, and f to get:
=(TRUNC(RANDQO*(((6*2)-(1*2))+1),0) + (1*2)) / 2

Simulating in Excel:

In order to simplify the input (and to provide an example of this distribution), it has been
determined that the time between each arrival happens in 30 second increments between 4
and 8 minutes.

1.

You must define which formula we need to use, and what the key variables are. In
this case, we need to use 30 second (or 1/2 minute increments), so we need to use
formula #2. That makes f=2, min=4, max=8

Create an Excel spreadsheet that has the heading “Input” in cell A1 and the heading
“Time Between Arrivals (minutes)” in cell A2.

A, B = ] E

1 Input Time Between Arrivals (minutes)
2

I —1
5

Under the “Input” column, type =RAND() into cell A2

Copy/paste/drag this formula down 9 more rows so that you have 10 rows of
random input data (in the range 0-1)
A, B c ] E

Llnput Time Between Arrivals (minutes)

2 0.2194
0.914331

0.25323
0742612
0177812
0.3010M
0634975
0.854529
0.553543
0.078362

L T T R O [ S T

s
1= O
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5. We must now input our formula filling in r for a reference to the random number,
f=2, max=8, min=4
B2 - B STRUMCAZTE"2-4"20+1000 + (4720 2
A, B

1 Input etween Arrivals (minutes)
2 | 0446664
3 0.284728
4 0.403733
& 0.050714
B 0151549
7 0.6E4661
&) 0.0029
8  0.906434
10 0.009919
11 08915351
6. Copy/paste/drag this formula down to the next 9 rows.
A, B ”
1 Input Time Between Arrivals (minutes)
2 0717921 7
3 0.701831 7
4 018704 4.5
£ 0.821445 7.h
B 0.752633 7
7 0.045531 4
8 0.508205 B.A
8 0197226 4.5
10 0291771 =)
11 0223101 )

You now have good estimates as to how many minutes will elapse between each of the next
10 arrivals. As you can see, the values returned fall into the discrete uniform distribution we
defined earlier.

Simulating in Arena:

Simulating a discrete distribution in Arena is relatively straightforward. Arena has a
“discrete probability distribution” that works very similarly to Excel’'s VLOOKUP table. If you
can formulate a VLOOKUP in Excel, you won’t have a problem doing the same in Arena. If
you are not yet familiar with VLOOKUP tables, you might want to consider performing the
Excel exercise in section 4.9: Custom Distributions on page 36.

Before we start, we need to define our distribution values, and assign probabilities to each
of them. The distribution, like earlier, is 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8. Since this is a
discrete uniform distribution, each value has an equal probability. To calculate each value’s
probability, divide 100% with the number of values in the distribution. In this case, each
value’s probability is approximately 11% (100/9).

We now need to build a table that we will use as a reference when building our expression
in Arena. We need to assign values between 0 and 1 to each of the numbers in our
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distribution. We will use the percentage we calculated as the guide for assigning our
numbers.

Step 1: List all of the possible values in the distribution.

Step 2: Associate our percentage (11%) in decimal form (0.11) along with the first value in
the distribution.

Step 3: Continue assigning numbers between 0 and 1 to the remaining values in the
distribution. Each number will be the previous number, plus our given percentage (0.11).
Do not fill in the last percentage.

Step 4: Assign 1.0 as the probability for the last value in the distribution. If you notice, it is
approximately 0.11 above the last percentage, however, the last percentage must always
be 1.0. In reality, the last value in our distribution will appear 1% more frequently than the
others, because its probability is 0.01 higher than the others. If we were more precise with
our 11% calculation, you could minimize that chance for error. For simplicity, we won’t go
that far.

4 4 0.11 4 0.11 4 0.11
4.5 4.5 4.5 0.22 4.5 ]0.22
5 5 5 0.33 5 0.33
5.5 5.5 5.5|10.44 5.5(10.44
6 >> |6 >> |6 055| == |6 0.55
6.5 6.5 6.5 | 0.66 6.5 | 0.66
7 7 7 0.77 7 0.77
7.5 7.5 7.510.88 7.510.88
8 8 8 8 1.0

Step 1 Step 2 Step 3 Step 4

Now that we’ve built the table of values and probabilities, we will continue this exercise.

Open Arena

Save the model (preferably in its own folder)

Drag a “Create” module into the work area

Click the “Create” module (once) to make sure it is selected

Drag a “Dispose” module into the work area

Double-click the “Create 1” module that was dragged in

We can leave “Name” and “Entity Type” as their defaults, as they are only there as
labels.

7. Change “Units” to minutes, as our distribution (and variables) are defined in minutes
8. Entities per arrival = 1 (the number of entities that are created)

9. Max arrivals = Infinite (the population limit)

10. First creation = 0.0 (amount of time to elapse before creating the first unit)
11.Under “Type” choose “Expression”

12. Right-click anywhere in the “Expression” dropdown menu

13. Click “Build Expression”

14. Click the + beside “Random Distributions”

ookhwnE
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15. Choose the distribution in question (in this case, choose the Discrete Probability

distribution)

Expression Builder

Enpreszion Tupe:

LCumulative Probabilities and ' alues
(P11 P22,

]

—I Random Digtributions
Beta
Continuous Probability
Diizerete Probability
k-Erlang
Exponential
Gamma
Johnson
Lograrmal
Harmal
Poizzoh

Current Exprezsion:

A |05.1.10,2

W

I A R R R R e T BTy

DISC[0.5.1,1.0,2)

Ok | Cancel Help

16. Specify the key variables; in this case, it will be a list of probabilities and values. The
probabilities are cumulative and need to add up to 1.0. Arena will generate a number
between 0 and 1, and will match that number against the probabilities we define.
Just like a VLOOKUP table, the probabilities need to be defined as increasing from 0
to 1.0. We have already developed this list at the beginning of this exercise.
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In the given field, first write the lowest probability value, then a comma, then its
applicable value, then the next probability, a comma, and its applicable value, and so
on until all the probabilities/values have been recorded (shown below). Note: The
last probability should always be 1.0. Do not mix up the placement of the probability
and value.

Expression Builder, P§|

Curmnulative Probabilities and Y alues

101 P22
=-Randaom Distibutions s |E, NEE BB 077, 7.083.75.1.0,8

Beta

Continuoug Probability

Dizcrete Probability

k-Erlang

E wponential

zamma

Johrgzon

Logromal

Harmal

Paizzan W

Current Expressian:
DISC0A1. 4,022, 45,0335, 044 55 055 6 066 65 077 7,083, 7510 8)

Expreszion Type:

+

£| ==|<>|<|>|<=|>=| ann:l||:|r| []| I:|

] | Cancel Help

17. Note how it types the expression for you under Current Expression — this is the
language Arena uses to define its expressions — we use the Expression Builder if we
aren’t familiar with how to write it ourselves.

18. Click OK
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19. Note that Arena has typed the expression for you in the “Expression” field

Mame: Entity Type:

|Ereate 1 j |Entit_l,l 1 ﬂ

Time Between Arrvalz

Type: Expression: Urits:

|E:-:|:|ressi|:|n ﬂ |D|5|:[|11'|, 4, U.Eﬂ |Minutes ﬂ
Entitiez per Arrival; b aw Arrivals: FEirst Creation:

1 Irifirite 0.0

] | Cancel | Help

20. Click OK

Now that our entities will arrive according to our distribution, we’ll set some reporting
parameters and analyze the output. We’'ll attempt to validate our model by analyzing the
range of arrival times that Arena uses. They should fall within our distribution.

PONPE

oo

7.

Click Run (at the top)

Click Setup

Click “Replication Parameters” (at the top)

Number of replications: 10 (this is how many times it will repeat the simulation, the
more replications, the more accurate the output will be — we’ll do 10, but for more
important results, you’d want at least 100)

Replication length: 24 with Time Units: Hours (we’ll simulate a whole day)

Base time units: Minutes (we want our reporting to be in minutes, since our
distribution units are in minutes as well)

Click OK

Let’s run our simulation now and analyze the reports.

1.
2.

3.

Click the “GO” button to begin the simulation.

After waiting a little while for the simulation to finish, you’ll be asked if you want to
see the results, click YES

We will cover analyzing the reports in much greater detail later, but quickly analyzing
this portion of the report, suggests that our distribution is being simulated correctly:

Other
M umber In
Walue
Entity 1 238

This report states that in a 24 hour period (which we defined as the Replication Length), on
average (in our 10 replications), 238 entities arrived. We should validate our model. If we
take a weighted average of our inter-arrival times, and calculate how many entities could
arrive in a 24 hour time period, we should get a number is close to 238. The weighted
average is (11% * 4) + (11% * 4.5) + (11% * 5) + (11% * 5.5) + (11% * 6) + (11% *
6.5) + (11% * 7) + (11% * 7.5) + (11% * 8) = 5.94 minutes between each arrival. Since
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there are 60*24 = 1440 minutes in a day, and each inter-arrival time likely falls near 5.94
minutes, that means we should expect an average per day of 1440/5.94=242 arrivals.
Therefore, our model appears valid. Note: The longer you run the simulation, the closer
you’d likely get to the average.

4.5 Normal Distributions

The formula for finding the Z-value (a standard normal random variable) for a normal
distribution is as follows:

7 X ZH
(e

We want to find out is X (the value) so that we can estimate the inter-arrival times. Shifting
this formula around to find X results in:

X=Zo+u

To calculate the Z value of a normal distribution (with mean of 0, standard deviation of 1)
and given a probability, we use the following Excel formula:

=NORMSINV(p)

where p is a probability between 0-1

Variables:
W is the mean of the normal distribution

o is the standard deviation of the normal distribution
Z is the standard normal random variable (calculated from p)
p is the probability that a variable falls between 0 and values of Z

Example:

n=3

c=1.2

p = 0.90

Z = 1.28 - calculated using =NORMSINV(0.90)
X=2Zo+ u

X =(1.28x1.2)+3

X=4.54

Simulating in Excel:

Following the above example, let's assume that customers arrive at Joe’s Pizza Shack with a
mean of 3 minutes with a standard deviation of 1.2 in a normal distribution. We want to
simulate the time that will elapse between each arrival. Note: 1 =3, 0 =1.2, p and Z will

be calculated.

1. Create an Excel spreadsheet that has the heading “Input” in cell A1, the heading “Z
Value” in cell A2, and “Time Between Arrivals (minutes)” in cell A3.
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A B C ] E
1 Input ZValue Time Between Arrivals {minutes)
2
3
Fil
2. Fill 10 rows under “Input” with the RAND() function (this is the p value)
A, B [ ] E
1 Input ZValue Time Between Arrivals (minutes)
2 0277573
3 00765301
4 0.5945
5 0203459
B 0245731
7 0185253
8 0373359
8 0474031
10 0.425102
11 0.225862
3. Type the formula for finding a Z Value based on a p value in cell B2, refer to A2 for
the p value
B2 - B =MNORMSINY AL
A, B E F
1 Input ime Between Arrivals (minutes)
A 0.300263] 0523641
3 0914675
4 0824533
5 035014
B 061133
7 049524
8  0B45033
9 0.B3082/
10 0167419
11 0.4490%95
4. Copy/paste/drag the formula down to the next 9 rows
A, B C ] E
1 Input ZValue Time Between Arrivals (minutes)
2 0835649 0976733
3 0058757 -1.56529
4 0873168 1.141495
5 0730713 0B14972
B 0869357 1.1235
ﬂ 0209295 -0.74116
8 005577 -2.1551
8 0327517 -0.44E573
10 0.835149 0.93655
11 0992905 2 452545
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5. Type the formula for finding X based on the mean, standard deviation, and Z value
of a normal distribution in cell C2, refer to B2 for the Z value.
2 - B =(B2"1.20+3
A B ] E F
Input ZValue #Time Between Arrivals (minutes)
J 097495 1.959515' 5.351538!
0969282 | 1.870343

4 0.051068| -1.63459
5 0.834157 1.196025
B 0.588064 12162597
7 03421220 -0.40665
g 0137203 -1.09295
2 0804617 1.308315
10 035382866 -0.27188
11 0.085903 -1.30826

6. Copy/paste/drag this formula down to the next 9 rows
A, B i D E
1 Input ZValue Time Between Arrivals (minutes)
2 0554102 0136032 3163235
3 0176552 -0.92844 1.8555869
4 03854582 029109 2 550593
£ 031806 -1.1193 1.B5684
B 0.YBER2T 0700995 3040194
7 0235039 072235 2133179
8 0753087 0.BS7089 3824507
8 0341673 04079 2510518
0 0097193 1209763 1442778
1 0284034 054164 2350033

You now have good estimates as to how many minutes will elapse between each of the next
10 arrivals. Should the mean or standard deviation change (or you want to apply this to a
different example), simply modify the formula in column C to contain the new values.

Advanced Note:
The Z-Value column could be skipped by using the formula NORMINV() to determine the
Time Between Arrivals. It will calculate the value x given the probability, mean, and

standard deviation of the normal distribution.

The NORMINV() formula is used as follows:
=NORMINV(p, mean, standard deviation)

In the above example, this function could have been used in cell C2 as:
=NORMINV(A2,3,1.2)

Using this formula, column B would not be needed.
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Simulating in Arena:

oukhwnE

10.
11.
12.

13
14

Open Arena

Save the model (preferably in its own folder)

Drag a “Create” module into the work area

Click the “Create” module (once) to make sure it is selected

Drag a “Dispose” module into the work area

Double-click the “Create 1” module that was dragged in

We can leave “Name” and “Entity Type” as their defaults, as they are only there as
labels.

Change “Units” to minutes, as our distribution (and variables) are defined in minutes
Entities per arrival = 1 (the number of entities that are created)

Max arrivals = Infinite (the population limit)

First creation = 0.0 (amount of time to elapse before creating the first unit)

Under “Type” choose “Expression”

Right-click anywhere in the “Expression” dropdown menu

. Click “Build Expression”
. Click the + beside “Random Distributions”
15.

Choose the distribution in question (in this case, a Normal distribution is defined as
“Normal”

Expression Builder, Pz|

Expreszion Type: Mean:

=1~ Random Distributions A |
Beta
Continuous Probability Sheralans) Do
Digcrete Probatility |EI.2
k-Erlang
Exponential
Gamma
Johnson
Lagnorrial
Maormal
Poizzon b’

R B Y I R e T T i

Current Expression:

MORM(1.0.2)

Ok | Cancel Help

Page 24



Introduction to Simulation

16. Specify the key variables, in this case, Mean = 3 and Standard Deviation = 1.2.

Expression Builder

Erpression Type:

=I- Random Distributions ~ |3
Beta
Continuouz Probability Standard Deviation:
Dizcrete Probability |_1_2
k-Erlang
Exponential
Gamma
Johnzon
Logrormal
Mormal
Foigzon

R N S R R P R T T

LCurrent Erpression:
MORM(3,1.2]

w

0 | Cancel Help

17. Note how it types the expression for you under Current Expression — this is the
language Arena uses to define its expressions — we use the Expression Builder if we
aren’t familiar with how to write it ourselves.

18. Click OK

19. Note that Arena has typed the expression for you in the “Expression” field

Create

M amne; Entity Type:

|Ereate 1 ﬂ |Entit_l,l 1 ﬂ

Time Between Arrivalz

Tupe: Expression: Units:

|E:-:|:uressiu:un j |N|:|HM-5"-L[3,'|.2] j |Minutes j
Entitiez per &rrival; Man Arriveals: Eirst Creation;

1 \Irifirite 0.0

k. | Cancel | Help

20.Click OK

Now that our entities will arrive according to our distribution, we’ll set some reporting
parameters and analyze the output. We’'ll attempt to validate our model by analyzing the
range of arrival times that Arena uses. They should fall within our distribution.

1. Click Run (at the top)
2. Click Setup
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3. Click “Replication Parameters” (at the top)

4. Number of replications: 10 (this is how many times it will repeat the simulation, the
more replications, the more accurate the output will be — we’ll do 10, but for more
important results, you’'d want at least 100)

5. Replication length: 24 with Time Units: Hours (we’ll simulate a whole day)

6. Base time units: Minutes (we want our reporting to be in minutes, since our
distribution units are in minutes as well)

7. Click OK

Let’s run our simulation now and analyze the reports.
1. Click the “GO” button to begin the simulation.
2. After waiting a little while for the simulation to finish, you’ll be asked if you want to
see the results, click YES
3. We will cover analyzing the reports in much greater detail later, but quickly analyzing
this portion of the report, suggests that our distribution is being simulated correctly:

Other
mHuambier In
YWalue
Entity 1 430

This report states that in a 24 hour period (which we defined as the Replication Length), on
average (in our 10 replications), 480 entities arrived. Since there are 60*24 = 1440
minutes in a day, and each arrival likely falls near the mean of 3 minutes (according to our
Normal distribution), that means we should expect an average per day of 1440/3=480
arrivals. Therefore, our model appears valid.

4.6 Triangular Distributions

The triangular distribution is one of the most widely used distributions in simulation
analysis. It is often the distribution of choice when little is known about the probability
distribution. It has three parameters: the minimum, the maximum, and the mode. The
reason it is used so often is that it is fairly easy to obtain close approximations of the min,
max, and mode. For example, you could ask a manager: “What is the absolute minimum
time you’d expect between arrivals”, “What is the absolute maximum time you’d expect
between arrivals?” and “On average, how much time elapses between arrivals?” to get the
answers for these three parameters. Of course, data collection would provide more accurate
answers (and might even show that a different distribution applies), but the triangular
distribution is a good start when you have limited information.

Example:
Min = 4

Max = 12
Mode = 6

Simulating in Excel:
Following the above example, let's assume that customers arrive at Joe’s Pizza Shack at a

minimum of 4 minutes apart, on average 6 minutes apart, and at maximum 12 minutes
apart. We want to simulate the time that will elapse between each arrival.
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The formula for computing a Triangular Distribution in Excel is quite complicated. We won’t
go very far into the theory behind the formula; however, you are encouraged to explore it in
greater detail.

Note: The formula makes use of the IF statement in Excel. The IF statement is used as
follows:
=IF(expression, what is returned if expr. is true, what is returned if expr. is false)

Note: The formula requires the use of a square root. In Excel, to return the square root of a
number, use the following:
SQRT(number)

Formula:
=IF( RN < ((Mode — Min)/(Max — Min)) , LS formula , RS formula)
RN = Reference to a cell containing a random number between 0-1

LS formula = Min + /(RN Mode — Min)(Max — Min)
RS formula = Max —/(L— RN J(Max — Mode J Max — Min)

1. Create an Excel spreadsheet that has the heading “Input” in cell A1 and the heading
“Time Between Arrivals (minutes)” in cell A2.

&, B = ] E

1 Input Time Between Arrivals (minutes)
2

3| —
&

2. Under the “Input” column, type =RAND() into cell A2
3. Copy/paste/drag this formula down 9 more rows so that you have 10 rows of
random input data (in the range 0-1)
A, E [ O E
Llnput Time Between Arrivals (minutes)
2 0.2194
0914381
0.25325
0.742612
0177612
0301011
0634975
0.554529
0553943
0.073362

L Il Tt Ty [ = R

L s
1= O
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5.

Next, type the full triangular distribution formula (shown earlier) into cell B2,
substituting Min for 4, Max for 12, Mode for 6, and RN with a reference to cell A2 (as

it will contain the calculated probability for that row).
Fe SIF(AZ<(IB-0/012-4)) A+SQRTAZE-4)7(12-47),1 2-SQRT((1-A2) (1 2-6)7(12-41))

0.4531624
0.18047
0270148
[.661485
0.302305
0.234565
9 047157
10 0520575
11 070189

Copy/paste/drag the formula down to the next 9 rows:
A, B C D

1 Input Time Between Arrivals (minutes)
2 02259775 5917395

3 0280403 5122392

4 0BE0SEBE | 7 B49477

£ 0790173 B.E2E44K

B 0431492 EB77617

7 0854722 535929

g8 0720797 533916

89 0144594 5521022
ﬂ 047912 B.899776

11 0037211 4771608

12 =]

You now have good estimates as to how many minutes will elapse between each of the next
10 arrivals. Should the mode, minimum, or maximum change (or you want to apply this to
a different example), simply modify the formula in column B to contain the new values.

Simulating in Arena:

Qo hwnE

10.

11

13

Open Arena

Save the model (preferably in its own folder)

Drag a “Create” module into the work area

Click the “Create” module (once) to make sure it is selected

Drag a “Dispose” module into the work area

Double-click the “Create 1” module that was dragged in

We can leave “Name” and “Entity Type” as their defaults, as they are only there as
labels.

Change “Units” to minutes, as our distribution (and variables) are defined in minutes
Entities per arrival = 1 (the number of entities that are created)

Max arrivals = Infinite (the population limit)

First creation = 0.0 (amount of time to elapse before creating the first unit)

.Under “Type” choose “Expression”
12.

Right-click anywhere in the “Expression” dropdown menu

. Click “Build Expression”
14.

Click the + beside “Random Distributions”
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15. Choose the distribution in question (in this case, a Triangular distribution is defined
as “Triangular”

Expression Builder, PX|

Epprzssia Tyae: Mirirnum % alLie:

0.5

zamma
Johrgzon
Lagnarmsl bzt Likely W alue:
Harmal |-| 5
Foizzon
Triangular
Inifarm
W eibull

+- Math Functionz

+- Replication W aniables

+- Ertity-Related ¥ ariables i

Current Expressian:
TRIA0.5.1.5.1]

(23

b awirnuirn Y alue:
I

+

] | Cancel Help
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16. Specify the key variables, in this case, Min = 4, Mode=6, Max=12.

Expression Builder

Expression Type:

Minirmum ¥ alue:

&

Gamma ~ |4
Johhzon
Lagnarmal Mozt Likely 4 alue:
Maormal |E
Poizzon
Trlgngular bl i Y alue:
[rifarm |12
Wweibull
+- Math Functions
+- Replication aniables
+- Entity-Felated ¥ ariables W
+ | £| ==|<>|<|>|<=|>=| anu:l||:|r| []|I:|

Current Expression:

TRIAM4.E12)

o]

Cancel

Help

17. Note how it types the expression for you under Current Expression — this is the
language Arena uses to define its expressions — we use the Expression Builder if we

aren’t familiar with how to write it ourselves.
18. Click OK

19. Note that Arena has typed the expression for you in the “Expression” field

ak | Cancel |

M amme: Entity Type:

|Ereate 1 ﬂ |Entit_l,l 1 ﬂ
Tirme Between Arivalz

Type: Expression: Units:

|E:-:|:|ressin:|r'| ﬂ |TH|-"-"-[4,E,'| | ﬂ |Minutes ﬂ
Entitiez per &rrival: Man Arrivals: Eirst Creation:

I \Irifirite 0.0

Help

20. Click OK
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Now that our entities will arrive according to our distribution, we’ll set some reporting
parameters and analyze the output. We’'ll attempt to validate our model by analyzing the
range of arrival times that Arena uses. They should fall within our distribution.

Click Run (at the top)

Click Setup

Click “Replication Parameters” (at the top)

Number of replications: 10 (this is how many times it will repeat the simulation, the
more replications, the more accurate the output will be — we’ll do 10, but for more
important results, you’d want at least 100)

Replication length: 24 with Time Units: Hours (we’ll simulate a whole day)

Base time units: Minutes (we want our reporting to be in minutes, since our
distribution units are in minutes as well)

7. Click OK

PONPE

2

Let’s run our simulation now and analyze the reports.
1. Click the “GO” button to begin the simulation.
2. After waiting a little while for the simulation to finish, you’ll be asked if you want to
see the results, click YES
3. We will cover analyzing the reports in much greater detail later, but quickly analyzing
this portion of the report, suggests that our distribution is being simulated correctly:

Other
mHumbier In
Walue
Entity 1 192

This report states that in a 24 hour period (which we defined as the Replication Length), on
average (in our 10 replications), 192 entities arrived. Since there are 60*24 = 1440
minutes in a day, and each arrival falls somewhere between 4-12 minutes (according to our
Triangular distribution), that means we should expect an absolute minimum of
1440/12=120 arrivals per day and an absolute maximum of 1440/4=360 arrivals per day.
The mode of 6 minutes only describes the most frequently occurring inter-arrival time

(note: it is not the average). At first glance, our model appears valid because the value we
see falls within the minimum and maximum, however further investigation (using the theory
of the triangular distribution) would be needed to completely validate this model.

Note: Refer to “The Triangular Probability Distribution” (WebCT web site) for further
information on the theory behind the triangular distribution (if available).

4.7 Exponential Distributions

The Exponential distribution is a one-parameter distribution made up of the parameter A.
The mean and standard deviation of an exponential random variable are equal to each
other: p=c=(1/A). Therefore, if you know any one of these three variables, you can
simulate this distribution.

To calculate the value X given a probability in an exponential distribution, use the following
formula:

X = -p1 X LN(p)

where p is the mean 1/ 1)

where p is the probability
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where LN() is the natural logarithm of a number — the LN() formula in Excel
Simulating in Excel:

Following the above example, let’s assume that customers arrivals (measured in minutes) at
Joe’s Pizza Shack are exponentially distributed with A = 0.20.

1. Calculate p

2. Create an Excel spreadsheet that has the heading “Input” in cell A1, the heading “Z
Value” in cell A2, and “Time Between Arrivals (minutes)” in cell A3.

A, B = ] E

1 Input Time Between Arrivals (minutes)
2

= —
5

3. Fill 10 rows under “Input” with the RAND() function (this is the p value)
A, B [ ] E
Llnput Time Between Arrivals (minutes)

0.2194

3 0914351
4 025323
5 0742612
B 0177612
7

5]

g

o]

0301011
0634575
0.354629
0 05535945
1 0.075362
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4.

5.

Type the formula for finding the value of X in cell B2, refer to A2 for the p value, and
5 as the mean

B2

&,
1 Input

E F

3  0.53316G
.87 5692
0.050546
0.3407 14
0.473555

0.9345
0610224
10 01023595
11 0.085942

Note: It may be hard to see, but there is a negative (-) sign before the mean

Copy/paste/drag the formula down to the next 9 rows
A, B C D E F
Input Time Between Arrivals (minutes)
0455621 3.930475
0.297572 B.05545
0436635 4143294
045819 3802356
0421845 4 315586
0554188 2051249
0279275 B.377767
0192472 8.230024
J 0701935 1.7E9576
0632787 1.907862

oo =4 @ M ok 0 R —

]

You now have good estimates as to how many minutes will elapse between each of the next
10 arrivals.

Simulating in Arena:

onhwnNE

I—‘@SD_\J

Open Arena

Save the model (preferably in its own folder)

Drag a “Create” module into the work area

Click the “Create” module (once) to make sure it is selected

Drag a “Dispose” module into the work area

Double-click the “Create 1” module that was dragged in

We can leave “Name” and “Entity Type” as their defaults, as they are only there as
labels.

Change “Units” to minutes, as our distribution (and variables) are defined in minutes
Entities per arrival = 1 (the number of entities that are created)

Max arrivals = Infinite (the population limit)

0 First creation = 0.0 (amount of time to elapse before creating the first unit)
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11.Under “Type” choose “Expression”

12. Right-click anywhere in the “Expression” dropdown menu

13. Click “Build Expression”
14. Click the + beside “Random Distributions”

15. Choose the distribution in question (in this case, an Exponential distribution is

defined as “Exponential”

Expression Builder

Exprezzion Tepe: Mean:

(%]

=|- Random Distributions LS |'|
Beta
Continuous Probability
Dizcrete Probabiliy
k-Erlang
Exponential
Gamma
Johtizon
Lognormal
Mormal
Poizson

Current Expression:

I R Y R I P R

ExPO[1)

16. Specify the key variables, in this case, Mean = 5 (calculated in Step 1 of the

Simulating in Excel section).

Expression Builder

Exprezzion Type:

=I- Random Distributions ~ ]
Beta
Continuouz Probability
Dizcrete Probability
k-Erlang
E sxponerntial
Gamma
Johnzon
Logrormal
Mormal
Foigzon

LCurrent E spreszion:

I ] S A R R I T T

ExP0i5)

Carcel

o]

Help
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17. Note how it types the expression for you under Current Expression — this is the
language Arena uses to define its expressions — we use the Expression Builder if we
aren’t familiar with how to write it ourselves.

18. Click OK

19. Note that Arena has t

ped the expression for you in the “Expression” field

Create

M amne; Entity Type:

|Ereate 1 ﬂ |Entit_l,l 1 ﬂ

Time Between Arrivalz

Type: Expression: Units:

|E:-:|:|ressin:|r'| ﬂ |E><F'|:|[5] ﬂ |Minutes ﬂ
Entitiez per &rrival: Man Arrivals: Eirst Creation:

I \Irifirite 0.0

k. | Cancel | Help

20. Click OK

Advanced Note: Instead of using the expression builder, and because the Exponential
distribution is used so frequently, Arena offers it as “Random (Expo)” under the “Type”
dropdown. If you select it, you simply have to type the mean (5) next to it (where the
whole expression would usually go).

Now that our entities will arrive according to our distribution, we’ll set some reporting
parameters and analyze the output. We’'ll attempt to validate our model by analyzing the
range of arrival times that Arena uses. They should fall within our distribution.

Click Run (at the top)

Click Setup

Click “Replication Parameters” (at the top)

Number of replications: 10 (this is how many times it will repeat the simulation, the
more replications, the more accurate the output will be — we’ll do 10, but for more
important results, you’d want at least 100)

Replication length: 24 with Time Units: Hours (we’ll simulate a whole day)

Base time units: Minutes (we want our reporting to be in minutes, since our
distribution units are in minutes as well)

7. Click OK

PONPE

oo

Let’s run our simulation now and analyze the reports.
1. Click the “GO” button to begin the simulation.
2. After waiting a little while for the simulation to finish, you’ll be asked if you want to
see the results, click YES

Page 35



Introduction to Simulation

3. We will cover analyzing the reports in much greater detail later, but quickly analyzing
this portion of the report, suggests that our distribution is being simulated correctly:

Other
Humber In
Yalue
Entity 1 262

This report states that in a 24 hour period (which we defined as the Replication Length), on
average (in our 10 replications), 262 entities arrived. Since there are 60*24 = 1440
minutes in a day, and each arrival likely falls near the mean of 5 minutes (according to our
Exponential distribution), that means we should expect an average per day of 1440/5=288
arrivals. Therefore, our model appears valid. Note: The longer you run the simulation, the
closer you'd likely get to the average.

4.8 Poisson Distributions

Poisson distributions are applied when describing the number of entities arriving in a
system. A poisson distribution would be described as “the entities arriving are poisson
distributed and arrive at a rate of 10 per hour”.

In order to simulate this, you must convert 10/hour into the number of minutes (or hours)
between each arrival. Since there are 60 minutes per hour, 60/10 = 6 minutes pass on
average between each arrival. This is your mean (u).

When it comes to simulating a poisson distribution, you follow the same exact same
method you use for simulating exponential distributions using your calculated p as the
mean. So in Excel, the formula remains the same and in Arena, you use the Exponential
distribution.

4.9 Custom Distributions

A custom distribution is one where the possible values in the distribution do not fall into any
other distribution.

In this case, we know that people arrive to Joe’s Pizza Shack in the following manner: 20%
of the time 3 minutes will elapse, 50% of the time 5 minutes will elapse, and 30% of the
time 6 minutes will elapse between arrivals. We must now assign a range of values from O
to 1 to each of those three inter-arrival times values so that the selected ranges have the
same proportions (20%, 50%, and 30% respectively). The result is the following table:

Inter-arrival Time Proportion Range

3 minutes 20% 0.00 — 0.20
5 minutes 50% 0.20 - 0.70
6 minutes 30% 0.70—-1.00

Note that the numbers that fall between 0.00 — 0.20 are 20% of the possible ranges of
values between 0.00 and 1.00. The numbers 0.20 — 0.70 make up 50% of the total possible
values, and the range of nhumbers between 0.70 — 1.00 make up 30%. That is why those
particular values were chosen. We must now simulate this distribution in Excel.

Simulating a custom distribution requires the creation of a VLOOKUP table in Microsoft
Excel. A VLOOKUP table is a set of ranges, with each range associated with a value. Excel
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can take a number (i.e. a probability) and compare it against all the ranges defined in the
VLOOKUP table. It will then find the range it falls under, and return the value associated
with the applicable range.

The VLOOKUP formula takes the following arguments:
Lookup_Value: the cell that has the value you are looking up (the probability)
VLOOKUP_Table: a reference to the entire lookup table
Data_Column: which column of the lookup table has the return value (i.e. 4)
Range_ Lookup: FALSE if the lookup value must exactly match the range
TRUE if the lookup value must fall within a range

Simulating in Excel:

1. Create an Excel spreadsheet that has the heading “Input” in cell A1 and the heading
“Time Between Arrivals (minutes)” in cell A2.

A, B = ] E

1 Input Time Between Arrivals (minutes)
2

= —
5

2. Under the “Input” column, type =RAND() into cell A2

3. Copy/paste/drag this formula down 9 more rows so that you have 10 rows of
random input data (in the range 0-1)
A, B c ] E
Llnput Time Between Arrivals (minutes)
2 0.2194
0.914381
025328
0.742612
0.177E12
0.301011
0634575
0.554629
0.5835945
0.073362

L Il Tt Ty [ = R

L s
1= O

4. We must now construct our VLOOKUP table, assigning a range of probabilities to
each applicable value of the discrete uniform distribution.
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5. Construct the VLOOKUP table in columns G-J. You start by typing all the possible
values under “Return” — as those are the values you want to “look up”. Next, you
must assign a range of probabilities to each “return” value. Each range must be
equal in its length. We use the range defined earlier, along with the inter-arrival time
associated with that range.

5 H | d

VLOOKUP
Range Return
0 to 02 3
0.2 ta 07 ]
0.7 ta 1 B

Note: The labels “VLOOKUP”, “Range”, “Value”, and “to” are there for purely visual
purposes. They are not required components of a VLOOKUP table. The VLOOKUP
table itself is cells G3 to J5. The place in the spreadsheet chosen does not matter.

6. As a matter of exercise, assume you have a random probability value of 0.22. If you
look up that value in this table, it falls under the 0.2 to 0.7 range. That means the
time between the current and the next arrival will be 5 minutes.

Advanced Note: It should be noted that the 2" and 3™ columns of the VLOOKUP
table are unnecessary. They are there to make it clearer to the reader what the
ranges are. When Excel performs a lookup (i.e. 0.22), it first compares the value
with the first range value in column G (i.e. 0). If the lookup value is greater than the
range value (i.e. 0.22 > 0) it will continue to the next range value. Since 0.22 > 0.2,
it will continue again. Since 0.22 is not > 0.7, it stops. Since it can’t go farther than
range value 0.2, it has found a match and returns 5.

7. Now, type the VLOOKUP formula in cell B2:
B2 - A =VLOOKUPAL $E53 518 4 TREUE)
A, B C ] E = H | J
Input Time Betwe rrivals (minutes) OKUP
J 0.285671[ zl Ran Return

0128635 O to 0.2 3
0.703703 02 to 07 5
0795455 0.7 to 1 B
0642177
0. 424302
0537954

9 0.053869

10 0294539

11 05861652
Note: A2 refers to the probability value that will be looked up, $G$3:$J$5 is the
reference to the entire lookup table - $ signs are used to denote an absolute
reference, 4 refers to the fact that the value being looked up is in the 4" column of
the VLOOKUP table, TRUE means that the lookup value can fall within the ranges
(i.e. does not have to be an exact match).

0O =1 01 M =
LT“ILAJU“IU‘II'_T“ID'JD‘.ILAJ

m
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8. Copy/paste/drag this formula down to the next 9 rows.
A, B C D _E|F G H | J
1 Input Time Between Arrivals (minutes) VLOOKUP
2 0919323 Range Return
3 0031935 0 to 02 3
4 0835724 0.2 to| O.7F ]
5 0186757 0.7 to 1 5]
B 0897407
7 0190251
8 0117775
8 014533
10 0.213965
11 030733

(SRS R R Ry R R Ry R R ]

You now have good estimates as to how many minutes will elapse between each of the next
10 arrivals. As you can see, Excel will look up each individual random probability value and
compare it against the lookup table to determine how many minutes will pass between each
arrival. Note also that the values returned fall into the custom distribution we defined
earlier.

Note: The custom distribution can also return values with decimals. There does not need to
be any pattern to the proportions, or the values returned. That is why it is a “custom
distribution”.

Simulating in Arena:

Simulating a custom distribution in Arena is relatively straightforward. Arena has a “discrete
probability distribution” that works very similarly to Excel’s VLOOKUP table. If you can
formulate a VLOOKUP in Excel using your custom distribution, you won’t have a problem
doing the same in Arena.

Open Arena

Save the model (preferably in its own folder)

Drag a “Create” module into the work area

Click the “Create” module (once) to make sure it is selected

Drag a “Dispose” module into the work area

Double-click the “Create 1” module that was dragged in

We can leave “Name” and “Entity Type” as their defaults, as they are only there as
labels.

7. Change “Units” to minutes, as our distribution (and variables) are defined in minutes
8. Entities per arrival = 1 (the number of entities that are created)

9. Max arrivals = Infinite (the population limit)

10. First creation = 0.0 (amount of time to elapse before creating the first unit)
11.Under “Type” choose “Expression”

12. Right-click anywhere in the “Expression” dropdown menu

13. Click “Build Expression”

14. Click the + beside “Random Distributions”

SnhkwNE
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15. Choose the distribution in question (in this case, choose the Discrete Probability

distribution)

Expression Builder

Enpreszion Tupe:

LCumulative Probabilities and ' alues
(P11 P22,

]

—I Random Digtributions
Beta
Continuous Probability
Diizerete Probability
k-Erlang
Exponential
Gamma
Johnson
Lograrmal
Harmal
Poizzoh

Current Exprezsion:

A |05.1.10,2

I A R R R R e T BTy

DISC[0.5.1,1.0,2)

o]

Cancel | Help

16. Specify the key variables; in this case, it will be a list of probabilities and values. The
probabilities are the upper values of each range (i.e. the 0.20, 0.70, and 1.0 we
defined in our VLOOKUP table) and the values are the return values for each
applicable probability. First write the lowest probability value, then a comma, then its
applicable value, then the next probability, a comma, and its applicable value, and so
on until all the probabilities/values have been recorded. Note: The last probability
should always be 1.0. Do not mix up the placement of the probability and value.

Expression Builder

Expression Type:

Curnulative Probabilities and ' alues
P11 P22}

]

—I Random Digtributions
Beta
Continuous Probability
Diizerete Probability
k-Erlang
Exponential
Gamma
Johnzon
Lograrmal
Harmal
Poizzon

Courrent Fepressinn

A |023075108

o) o] el el wf o] ] ]

DISC.2, 3,07.5.1.0.61

Cancel Help

]
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17. Note how it types the expression for you under Current Expression — this is the
language Arena uses to define its expressions — we use the Expression Builder if we
aren’t familiar with how to write it ourselves.

18. Click OK

19. Note that Arena has t

ped the expression for you in the “Expression” field

M amne; Entity Type:

|Ereate 1 ﬂ |Entit_l,l 1 ﬂ

Time Between Arrivalz

Type: Expression: Units:

|E:-:|:|ressin:|r'| ﬂ |D|5E[D.2, 3.07. ﬂ |Minutes ﬂ
Entitiez per &rrival: Man Arrivals: Eirst Creation:

I \Irifirite 0.0

k. | Cancel | Help

20. Click OK

Now that our entities will arrive according to our distribution, we’ll set some reporting
parameters and analyze the output. We’'ll attempt to validate our model by analyzing the
range of arrival times that Arena uses. They should fall within our distribution.

Click Run (at the top)

Click Setup

Click “Replication Parameters” (at the top)

Number of replications: 10 (this is how many times it will repeat the simulation, the
more replications, the more accurate the output will be — we’ll do 10, but for more
important results, you’'d want at least 100)

Replication length: 24 with Time Units: Hours (we’ll simulate a whole day)

Base time units: Minutes (we want our reporting to be in minutes, since our
distribution units are in minutes as well)

7. Click OK

PoONE

o

Let’s run our simulation now and analyze the reports.
1. Click the “GO” button to begin the simulation.
2. After waiting a little while for the simulation to finish, you’ll be asked if you want to
see the results, click YES
3. We will cover analyzing the reports in much greater detail later, but quickly analyzing
this portion of the report, suggests that our distribution is being simulated correctly:

Other
Humber In
Value
Entity 1 292

This report states that in a 24 hour period (which we defined as the Replication Length), on
average (in our 10 replications), 292 entities arrived. We should validate our model. If we
take a weighted average of our inter-arrival times, and calculate how many entities could
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arrive in a 24 hour time period, we should get a number is close to 292. The weighted
average is (20%*3) + (50%*5) + (30%*6) = 4.9 minutes between each arrival. Since
there are 60*24 = 1440 minutes in a day, and each inter-arrival time likely falls near 4.9
minutes, that means we should expect an average per day of 1440/4.9=294 arrivals.
Therefore, our model appears valid. Note: The longer you run the simulation, the closer
you’d likely get to the average.
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5.0 Systems

5.1 Types of Systems

When looking at a place of business (systems) you will find that no two are ever alike. Each
have varying arrival rates, service rates, number of processes, number of servers, and line
setups.

5.2 Single-channel, single-phase

o P —

In this system, you have entities arriving into the system, moving through one process, and
exiting. All entities form a single line before entering the process. There is one phase
(process) and one channel (only one server). Example: an ATM machine.

5.3 Single-channel, multi-phase

— P1 y P2

In this system, you have entities arriving into the first process, and as each entity finishes
with the first process (P1), they move to the next process (P2). This is a system with
sequential processes (you must finish P1 before moving to P2). In this illustration, there is
only one server at each process (single-channel) but there is more than one process (multi-
phase). Example: a car wash (pay first, car washed second).

5.4 Multi-channel, single-phase

— P1.1 —

— > P1.2 —

In this system, you have two servers (multi-channel) but only one process (single-phase).
In this example, each server has its own line feeding into both processes. Example: bank
tellers (multiple tellers but only one process: making deposits)
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5.5 Multi-channel, multi-phase

—— P1.1 P2.1 —

A 4

y

— P1.2 P2.2 —

In this system, you have a similar situation but there is more than one process, each having
two servers. Example: grocery checkout (first you pay, and then your bags are packed).
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6.0 Example One

It is the first week of school and students are lining up outside the OneCard office in order
to get their OneCard (student identification).

Time between student arrivals is exponentially distributed with a mean of 13 minutes
between arrivals. OneCards can usually be created in 8 minutes but sometimes they can be
created in as little time as 6 minutes and as long as 12 minutes. Due to iliness, only one
person will be working the service desk.

6.1 Analysis

Before we begin using Arena, we need to identify the type of system (number of processes,
line behaviour, number of servers), distributions (arrivals and service times), and units.

When looking at the OneCard office, you could come up with a few representations of this
system. You could conclude that collecting/filling out paperwork is one process, taking your
picture is another process, and printing the card is another process. You could of course
conclude that there is only one process that contains many tasks (those just mentioned).
Here are a few guides to help you in deciding how many processes there are:
e Look to see how many people are working — the more people that are working,
generally, the more processes there are likely to be
e Look at the types of tasks people are doing, if there seem to be a series of tasks
involved in the system, perhaps each set of tasks warrants a separate process
e Look to see if two (or more) people are doing the same set of tasks as each other —
if so, that suggests that there are multiple servers for a single process

The more processes you are able to identify, the better your model will be and the better
your results will be. However, do not make your model unnecessarily complex. Find the
right balance.

In this case, we are going to assume that the entire OneCard creation process is one
process and since there is only one employee working this process, there is only one
server. The OneCard office has a single line on a first come first serve basis. The
question states arrivals in an exponential distribution and service times in a
triangular distribution.

Here is a graphical representation of the model:

—» P >
6.2 Arena
Open Arena:
1. Click Start
2. Click (All) Programs
3. Click Rockwell Software
4. Click Arena 7.0
5. Click Arena 7.01
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Save your model: Why is this important?

1. Click File

2. Click save Saving your model before you begin

3. Choose an appropriate location working on it is important because this

4. Choose an appropriate name establishes the location where your

(i.e. OneCard) reports will be saved. It is a good idea to

5. Click Save save each Arena model you create in its
own separate folder, as each model is
made up of several files.

Set up the modules:

1. Drag the “Create” module into the main Arena window

2. Making sure the “Create” module is still selected, drag the “Process” module into the
main Arena Window
Note: If you had more than one process in your model, you would continue dragging
process modules until you have enough in place.

3. Making sure the “Process” module is still selected, drag the “Dispose” module into
the main Arena Window

You should now see this:

Create 1 \—- Proces=s 1 —': Dispose 1
/ —l

If one of your modules did not automatically connect to the previous one, you will need to
connect it manually. To do so, click the connect button (shown below):

sls ¥ByE
- & | M oo Wi

Next, click the blue dot in the first module, and then click the blue dot in the second module
(shown below):

Create 1 )~ Process 1 —
1
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Configure the “Create” Module:
1. Double-click the “Create” module
2. Give the module a better name (i.e. “Arrivals™)
3. Give the entity type a better name (i.e. “Student”)
Note: An entity is the person/thing that moves through the system. The name of an
entity type is merely a label, and does not affect the model.

4. Under “Type” choose the distribution that applies to the inter-arrival rate — we have
identified this as exponential, so choose “Random (Expo)”
5. Type the mean of this distribution under “Value”
6. Choose the appropriate units (minutes)
7. On average, only one student arrives at a time so type 1 under “Entities per arrival”
8. The OneCard office has a sufficient population of potential visitors that we can leave
“Max Arrivals” as Infinite
9. There is no delay in how soon a student can arrive so leave “First Creation” as zero
Create @E|
M amme: Entity Type:
|.-’-'-.rrivals ﬂ |Stuu:|ent ﬂ
Time Between Arrivals
Type: W alue: Units:
|Fian|:||:um (Expa] ﬂ |'|3 |Minutes ﬂ
Entitiez per Arrival: Man Arrivals: First Creation:
I Irfirite 0.0
(] 4 | Cancel | Help
10. Click OK
Configure the “Process” Module: Process Types
1. Give the module a better name
(i.e. “OneCard Creation”) The different process types in Arena are
2. Choose “Standard” under Type Standard and Submodel. Standard

processing signifies that all logic for this
process will be stored within this module.
Submodel processing signifies that the
logic will be defined in a “submodel” that
can include any number of logic (i.e.
process) modules. For the purposes of
this course, Standard processing is
always used.
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3.

ook

7.
8.

9.

Under “Action” choose “Seize Delay Release” (see the Process: Actions box later in
this section for more information

Process
MName: Type:
|Dne Card Creation j |Standard j
Logic
Action: Friority:
Seize Delay Releaze ﬂ |Medium[2] j
FResources:

Edi...

[ ]
Delete

Delay Type: Unitz: Allocation:

|Tliangular j |H0urs j |Va|ueﬂdded j
Minimum: Walue [Most Likely): I awirnuim:

|5 [1 1.5

v Report Statistics

0K | Cancel | Help |

We must now add a resource, so click “Add”

Give the resource a better name (i.e. “OneCard Employee™)

Choose the number of employees it takes to move one entity through this process
(usually 1).

Note: This quantity does not mean “How many servers are there?” That is set up
elsewhere. Do not change this quantity unless it takes a “team” of employees to
move one entity through the process.

Resources
Type:
| Rezource ﬂ
Beszource Mame; Huantity:
|Elne Card Employved j |1

2k, | Cancel | Help |

Under “Delay Type” choose the appropriate distribution (in this case, it is Triangular)
Type in the applicable value(s) for this distribution
Choose the units (“minutes”)

10. Under “Allocation” choose “Other” (always)
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11. Click OK
Process E|E|
M ame: Tvpe:
|Elne Card Creation j |Standard j
Logiz
Actian: Eriarity:
Seize Delay Release j |Medium[2] j
Bezources:

Fezource, One Card Emploves, 1

Edt..

il

Delete

Delay Type: nits: Allocation;

|Triangular j |Minutes j *
Mimirmum: "W alue [Most Likely): b aminnan;

(5 [ 11z

[v Report Statistics

k. | Cancel | Help

Process: Actions

Delay: Any entity will be delayed without seizing a resource (i.e. there is no
server/resource), meaning that multiple entities can be delayed by this module at
the same time. This action would be appropriate if, for instance, baked goods are
moved into a holding area where they wait for 30 minutes to cool down.

Seize Delay: Any entity entering this process will seize the resource (and therefore
prevent any other entity from entering). If using this action, it must be followed by
another process module with Delay Release (in order to release the resource that has
been seized). For the purposes of this course, this action is not likely to be used.

Seize Delay Release: Any entity entering this process will seize the resource,
prevent other entities from entering, and release the resource when finished
(allowing other entities to enter). This is the typical action used.

Delay Release: This action is usually used in a module that follows a Seize Delay
process module, as it will release a previously seized resource. For the purposes of
this course, this action is not likely to be used.

Set up the “Dispose” Module:
1. Double-click the “Dispose” module
2. Give it a better name (i.e. “Happy Students™)
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3. Click OK
Dispose E|E|
M ame:
|HE||:I|:I_'.-' Students j

v Recard Entity Statistics

| ak. | Cancel | Help |

Model:
Your model should now look like this:

Artivals \ Card Creation

/,

Set number of servers:
1. Click “Resource” in the left menu

=H 3=

\\Happy Students

Enkity Queue
Fesource ‘ariable
Schedule Set

2. This will open the details of all the resources in the system (in the bottom pane)

Hame Type |Ca|)acity| Busy / Hourl Idle / Hour| Per Use| StateSet Hamel Failures| Report Sta‘tis’tics|
1 ne Card Employee w §Fixed Capacity 1 oo 0. 0.0 Orows |V

Double-click here to add & newv row.

3. To increase the number of servers, just change the “Capacity” to reflect the number
of servers.
Note: You should have only one resource per Process. If there are two processes,
there should be two resources. This ensures that there are no errors in the allocation
of employees to the various processes.

4. If you were given an hourly wage for this employee, you would enter that wage into
the “Busy/Hour” and “ldle/Hour” fields.
Note: for wages, the number is usually the same between Busy and lIdle. However,
machines are often more costly to run while busy.

5. All other areas can remain the same

Set up entity:
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1. Click “Entity” in the left menu

= =

Enkiky Cueue
Resource Wariable
Schedule Set

2. This will open the details of all the entities in the system (in the bottom pane)

Entity Type| Initial Picture |Holding Cost /Hour|initial VA Cost|Initial VA Cost|Initial Waiting Cost|nitial Tran Cost|nitial Other Cost|Report Statistics|
1 TaeT = |Picture Report 0.0 00 00 00 00 00 T

3. If there were a "‘Waiting cost” given in the question, you would enter that under the
“Holding Cost/Hour” column.
4. All other columns will likely remain at zero.

Run Setup:
1. Click Run (at the top)
2. Click Setup
3. Click “Run Speed” (at the top of popup)
4. Adjust the run speed — the higher the number, the faster the animation. If running a

simulation for 1000 hours, iou should use “100”

Project Parameters 1 Replication Parameters ]
Run Speed ] Fiun Contral ] Repoits ]

Animation Speed Factor [Time Urits Per Frame): |

™ Adjust Animation Speed Factor When Changing View

Animation Frame Delay (Seconds Per Frame): 0.01

™ Update Simulation Time Eveny Time Unitz
[ Update Status Bar Time Display Every: Time Units
™ Reduce Keyboard Sensitivity

[™ Advance Simulation Time Using Beal Time Factar:

ak | Cancel | | Help |

5. Click “Project Parameters” (at the top of popup)
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Give your project a title and select the reports you would like to see.
Note: We are not selecting “Costing” because no costs are given in this example.

You should always select “Processes”
|
|

Fiun Speed ] Fiun Control ] Feparts
Froject Parameters l Fieplication Parameters
Project Title:
|Dne Card

Analyst Mame:
|J ustin Clarke

Froject Description:

Statistics Collection

I™ Costing v Queues [ Transporters
[v Entitie:s i 1_

[ Corweyors

|¥ Resources I~ Stations [ Activity Areaz

0K | Cancel | Apply | Help |

Click “Replication Parameters” (at the top of popup)

You should run one replication with a length of 1000 hours to get a fairly accurate
simulation.

Change your “Base Time Units” to the units you wish the report to be in. It is good to

keep the base units the same as your arrival and service time units.
Run Setup E|

Fun Speed ] Fiun Cantral ] Repaorts ]
Project Parameters Replication Parameters

Nurber of Replications: Iritialize Between Replications

|1 [v Statisticz v Syztem

Start Date and Time:

Ir =l
Warm-up Period: Time Units:

|EI.EI |H0urs ﬂ
Replication Length: Time Units:

|1 ooa |H0urs ﬂ
Hourz Per Day: Baze Time Units:

|24 |Minutes ﬂ

Teminating Condition:

0k | Cancel Help
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10. Click OK

Run the simulation:
1. Click the “Go” button in the top right corner

L™ H M L]

2. Watch the simulation

3. Click “Yes” when asked to view the report
Arena |§|

9 The simulation has run to completion,
- ,/‘ Would you like to see the resulks?

w o

Note: The only way to modify your model after it has been run is to click the END button

(five buttons over from Go).

Note: If your simulation crashes, it could be due to a few things:

e Your units in your “Create” module are set incorrectly

e Your units in your “Process” module(s) are set incorrectly

e You have accidentally used a service rate in the “Create” module and an arrival rate
in the “Process” module(s) (thus creating an indefinitely growing queue)

e You told the system that 2 (or more) servers are required to complete a process (in
the process module) but fewer than that number of servers are actually scheduled to
work (the capacity column under “Resource” in the left menu). You likely meant to
put a capacity of 2 under “Resource” but put it in the process module instead (which

is a mistake).

Analyze Report:

Here is the navigation portion of Arena’s reportlng program:

1of4 M S & = Total16  100% 16 of 17

Freview | 2 3
—|- Category Owery

+- One Card

1 4:28:22PM Category Overview
One Card fﬁﬁjﬁ!g;@

1. Use this to navigate between the various sections of the report

2. Use this to flip to the next page of the report

3. Use this to print the report

4. Use this to choose magnify the report (to zoom in)

We’'ll use the report to answer a series of questions.

Q: How long does it take for a student to get their new OneCard?
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First, analyze the question. What is it asking? The question is not asking how long a student
had to wait in line (exclusively), nor is it asking about how long it took to prepare the card
(exclusively). This question is asking how long it took the student to move through the
entire system.

The answer can be found on page 2 (Entity report):

Total Time W inimum hd @ximum
Awerage H alf W idth Walle Walle
Students 177221 1.11864 G.0473 B8.0207

A: 17.72 +/- 1.12 minutes

Note: You must include the half-width as part of your answer when giving the average
value. The half-width is the 95% confidence interval.

Q: How long does a student have to wait in line, on average?

This question is referring to waiting specifically so we need to find the wait time. The answer
can be found on page 2 (Entity report):

Wirait Time Minimum hd aximum
Auerage H alf W idth Valye walye
Students 90474 1.11286 0.0a A0.5400

A: 9 +/- 1.1 minutes

Note: there are two ways to get the answer for this question. The other place to get the
answer is on page 5 (Queue report):

Wiraiting Time hdinimoum hd @ximum
Aouerage H alf ' idth Walue Wwalge
Card Creation.Queue 9.0474 1.11286 0.0o B0.5400

The queue report will break down waiting time by queue (waiting line) so you can compare
wait times between various processes. The wait time identified in the Entity report is only
the total wait time of entity and does not provide such a breakdown. Since this is a one-
process system, these numbers are the same. If there were more than one process, the
entity wait time would be approximately equal to the summation of all the queue wait times
listed.

Q: How long does it take to have a OneCard prepared, on average?

This question is asking about the service time associated with preparing a OneCard. This
answer is on page 2 (Entity report):

Qther Time W inimum hl @ximum
Average H alf Wi idth Walue Walue
Students BET42  0.0239354163 0478 11.9041

A: 8.7 +/- 0.04 minutes

Note: Just like the situation before, this number is the average time of all processes. To
break down the time by specific processes, you must make sure to choose the “Processes”
report (under Run > Setup > Project Parameters). This is reported on page 4 (Process
Report).
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Dther Time Per Entity b inirmo m M aximum
Average H alf W idth Walle Walue
Card Creation BEY4Z2  0.039354163 F.0478 11.9041

This report breaks wait time down by process. This report will also show wait time leading
into each process but that information is available through the Queue Report.

Q: How many students are waiting in line, on average?

This value is reported on page 5 (Queue Report).

FHumber Waiting M inim o m M aximum
Average H alf W idth Walue Walue
Card Creation.Q ueue 0E992 0100920237 0.on 7.0000

A: 0.7 +/- 0.1 students
Q: What was the longest amount of time a student had to wait for his/her card?

This question is referring to the entire system time (not just queue waiting time or process
waiting time). This can be found in the on page 2 (Entity Report).

Total Time W inim um hd @ximum
Awerage H alf wridth WValye WValye
Students 177241 1.11 869 G.0478 FE.0207

A: 68 minutes
Q: How busy is the OneCard worker?

This question is referring to utilization. This can be found on page 6 (Resource Report):

Scheduled Ltilization
Yalue

Cne Card Woarker 06703

A: The OneCard Worker is busy 67% of the time.
Analysis/Suggestions:

Your analysis of the situation should include answering questions such as the ones above.
You need to provide the reader of your report a clear idea of the waiting times, service
times, maximum/minimum times, utilization, etc.

You must now analyze the situation and make recommendations for improvement. You
must test your recommendations to make sure that your recommendations actually
improve the situation. A typical cost/benefit analysis given the tested situation should show
that it is a good/bad idea.

We are going to analyze this situation, make a recommendation, test it, and decide if that
recommendation is good.

Analysis: Some students must wait far too long (one student waited 68 minutes) to get
their OneCards. No student should wait longer than 30 minutes.
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Recommendation: Add one other server to the process. Is this feasible? Adding another
server may crowd the area (and actually increase service time) but we are assuming that
the process can handle one extra server.

Test: We save the model as a new file (so as to not mess up the original), click “Resource”
in the left menu and increase the capacity of “OneCard Worker” to 2. We run again and view

the report.
Total Time hinimum W aximum
Average H alf W idth Walue Walye
Students q272  0.104438585 G.0478 24 93R65

The report now shows that no student waited longer than 30 minutes.

Good idea? It is now up to you to prove whether the increase in cost (by adding a new
worker) is worth meeting this goal of not waiting longer than 30 minutes.
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7.0 Example Two

In this example, we will attempt to model Mr. Lube®. We will go to Mr. Lube, identify the
type of system they have, collect data, model it, analyze the report, and make
recommendations. We will be monitoring how Mr. Lube performs oil changes.

7.1 Analysis

System:

We are assuming that Mr. Lube staffs only one employee and that Mr. Lube only has one
process. This process includes meeting with the customer, performing the oil change, and
handling payment. The employee, a mechanic, makes $30/hour.

The system:

R — P — >

To be more accurate, it would likely be better to separate meeting the customer, performing
the oil change, and handling payment into three separate processes. However, for teaching
purposes, this is fine.

7.2 Data Collection & Curve Fitting

In any system, you must always collect arrival data. You must then collect data for every
single process in the system. During the data collection process, each person should only be
responsible for one part of the system. It is far too easy to make mistakes if you need to
keep data for multiple parts of the system. Also, if there are multiple servers at a process,
each person collecting data should only be in charge of one server at a time.

To collect arrival data, simply write down the time whenever an entity enters the system.

Example:
1:00 PM
1:15 PM
1:50 PM
2:20 PM

To collect service data, simply write down when service begins and when it ends.

Example:

1:00 PM — 1:10 PM
1:15 PM — 1:40 PM
1:50 PM — 2:15 PM
2:20 PM — 3:00 PM

Convert Data:
The next step is to convert the data into the data required by Arena.

For arrival data, you must write down the inter-arrival times, meaning, the times between
each arrival.
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From the arrival data provided earlier, you would end up with:
15 (15 minutes between 1:00 PM — 1:15 PM)
35 (35 minutes between 1:15 PM — 1:50 PM)
30 (30 minutes between 1:50 PM — 2:20 PM)
(units = minutes)

For service data, you must write down the service times, meaning, the time it takes to
service the entity.

From the service data provided earlier, you would end up with:
10 (10 minutes between 1:00 PM — 1:10 PM)
25 (25 minutes between 1:15 PM — 1:40 PM)
25 (25 minutes between 1:50 PM — 2:15 PM)
40 (40 minutes between 2:20 PM — 3:00 PM)
(units = minutes)

These new calculations should be recorded in, for example, an Excel file. These calculations
have already been performed for this example. See Appendix A for the completed
calculations.

Curve Fitting:
It is now necessary to fit this data into a curve and find the expression necessary to tell
Arena how to model the data.

1. Write these data values in Excel so it looks something like:

A, | B | C | D
1 |Interarrival Times il Change Times
2 a0 | 4?!
3 a3 o4
4 o3 ala]
5 104 a7
B 71 a2
7 o3 45
a8 a2 a0
g o3 43
10 118 54
11 o4 45
12 112 49
13 110 a0
14 a7 a0

Note: You should have at least 2 hours worth of data and at least 50 data points.
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2. Select all of the data associated with Inter-arrival Times (click and drag from cell A2

NGO kW

8.
9.

to AX where X is the last row of data)
A |

Interarrival Times
a0

33

93

104

71

o3

g2

a3

118

54

47 447

Note: Do not select the header “Inter-arrival Times” — select only data

||| o] oo e (o o —

Click Edit

Click Copy

Open Notepad: Start > (All) Programs > Accessories > Notepad
Click Edit

Click Paste

You should now see your inter-arrival data in notepad

2 Untitled - Notepad
File Edit Farmat Yiew Help

Click File
Click Save As

10. Choose the folder you’ve saved your project under
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11. Type a good name (i.e. “Arrivals™)
12. Click Save

Repeat steps 2-12 for each set of data you’ve collected. (i.e. repeat the process for the “Oil
Change Times” column and save into a file called “Oil Change Times”)

The next step is to bring this data into the Arena Input Analyzer and curve fit it.
Click Start

Click (All) Programs

Click Rockwell Software

Click Arena 7.0

Click Input Analyzer

(Input Analyzer will now open)

Click File

Click New

(You will now have a blank input screen)
8. Click File

9. Click “Data File”

10. Click “Use Existing”

nhONE

NO

F=8 Edit Wiew Fit Options Window  Help

MeEw Chel+-M ,ﬁ- .:9
Cpen... Chrl+0 :
Close

Save Chrl+5

Save As,..

Use Existing. ..

. . Generate New, .,
Prink Preview

Print... Ckrl+P
Prink Setup. ..

Send...

Exit

11. Choose the folder where your project is located
12. Beside “Files of type” choose “Text Files”
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13. Double-click “Arrivals”

~| e & er B

Loak, jn: | I Project

E] il Change Times

File name: |.-“-‘-.rriva|s
j Cancel |

Files of tpe: | Text files [*b4)

14.You should now see a histogram of all the data

K3

Data Summary
uuber of Data Points = 50
n Data Yalue =31
ax Data Value = 119
Sample Mean = 76.5
Sauple Std Dev = 28.3

15. Click Fit (at the top)
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16. Click Fit All

Cpkions  Window

Beta
Ernpirical
Erlang
Exponential
Gamma

d

Lognormal
Mormal
Paissan
Triangular
Uniform
weibull

17.You should now see your data with a curve on top
il Input1 EW@E\

Distribution Summary

istribution: Beta
xpression: 30.5 + 89 * BETA{D.756, 0.71)
[Square Error:  0.018069

Chi Square Test
Mumber of intervals = 9
Degrees of freedom = 6
Test Staristic 4.
Corresponding p-value = 0.649

18. Write down the expression that is shown as it is needed later:
Expression: 30.5 + 89 * BETA(0.758, 0.71)

Repeat steps 6-18 for all your other data. For example, Oil Change Times gives an
expression of 44.5 + 14 * BETA(1.06, 1.33)

Once all the expressions are recorded, you can print off these reports if you like (and save
them) and then close the input analyzer.
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7.3 Arena

The next step is to create the model in arena, input the data expressions, and analyze the
report.

We set up the model in Arena just as we did in example one:

Create 1 \ Process 1 —': Dizpose 1
/ \

Create Module:

Double-click the “Create” module

Give the module and entity good names

Under “Type” choose Expression

Type the expression we got from the Input Analyzer for our arrival data:
30.5 + 89 * BETA(0.758, 0.71)

Change the units to minutes

Leave all other options the same

Click OK

Marme: Entity Type:

|.-’-'-.rri'-.fals ﬂ |Ear j

Time Between Armivalz

PONPE

No o

Type: E xpreszion; Units:

|E:-:|:|ressi|:|n j |3D.5 +33*BET ﬂ |Minutes j
Entities per Arrival; M aw Arrivals: Firzt Creation:

I Irfirite 0.0

k. | Cancel | Help

Process Module:

Double-click the “Process” module

Give it a better name

Choose “Seize Delay Release” under action

Add a resource (quantity is 1 because it only takes one employee to move an entity
through the process)

Choose “Expression” under Delay Type

Change the units to minutes

Choose “Other” under Allocation

Type the expression we got from the Input Analyzer for our service data:
44.5 + 14 * BETA(1.06, 1.33)

PONPE

PN,
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9. Click OK

Process

Marne: Tupe:
|0il Change v| |Standard |

Logic:

Action: Priority:
Seize Delay Release | |Mediumz) |

Besources:

Fezource, Mechanic, 1 Add..

Edit...

Delete

i

Dielay Tope: Uitz Allocation:

|E>:plessi0n j |Minutes j |E|ther j
Exprezsion:

|44.5+ 14 = BETA[1.08, 1.33) |

Iv Report Statistics

ak. | Cancel ‘ Help |

Dispose Module:
1. Double-click the “Dispose” module
2. Give it a better name
3. Click OK

Dispose

v Record Entity Statistics

| ] | Cancel | Help |

Resources:

We must now properly set up our available resources.
1. Click Resources in the left menu
2. Set the Mechanic’s busy/hour and idle/hour rate to 30 each
3. Capacity should be 1 since only one mechanic is working

Hame | Type |Ca|:-acity| Busy / Huur| ldle .l’Huur| Per Use| StateSet Ilamel Failuresl Report Statistics
1 lechanic Fixed Capacity 1 30 30 oo Orows [V
Run Setup:
1. Click Run

2. Click Setup
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3. Set up the various sections to look like this:
Run Setup E|

Run Speed ] Fiun Control ] Repartz ]
Froject Parameters l Replication Parameters l
Froject Tithe:
|Mr Lube

Analyst Hame:
|Lab

Project Description:

Statistice Collection

W Costing W Queues [ Tranzporters
v Entities v Processes [ Conveyaors
v Besources [ Stations [ Actvity Areas

Ok, | Cancel | Apply | Help ‘

Run Setup E|
Fun Speed ] Fun Contral ] Reports ]
Project Parameters Replication Parameters

Number of Replications: Intialize Between Replications

|-| [v Statistics v System

Start Date and Time:

7. =l
“Warm-up Period: Tirme nits:

|U.U |H0urs j
Feplication Length: Time Unitz:

|1 ooo |H0urs j
Hours Per Day: Baze Time Units;

|24 |Minute& j

Terminating Condition:

0K | Cancel Help
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Run Setup E|
Project Parameters ] R eplication Parameters ]
Run Speed l Fiun Control ] Reports ]

Animation Speed Factar [Time Units Per Frame); |50

[ Adjust Animation Speed Factar YWhen Changing Yiew

Animation Frame Delay [Seconds Per Frame): 0.m

[ Update Simulation Time Ewen: Time Units
[ Update Status Bar Time Display Exveny: Time Unitz

[ Reduce Keyboard Senzitivity

[ Advance Simulation Time Using Beal Time Factar;

] | Cancel Apply Help

4. Click OK

Report:
1. Run the simulation by clicking the GO (play) button
2. Click “Yes” on reading the report

Do the normal analysis of the report pointing out good things and bad things. Two things
worth noting is that it cost $30,000 in labour after 1000 hours and that the maximum
amount of time a car spent waiting in the system was 116 minutes. After further analysis,
we decide that we need to reduce that maximum waiting time to below around an hour.

Alternative #1: Add a server

1. Close the report

2. Click the END (stop) button so we can make further changes
Note: You should save your project as a different file before making changes to the
model.

3. Click “Resource” in the left menu

4. Increase the capacity of the “Mechanic” resource to 2 (thus increasing the number of
servers to 2)

5. Run the simulation again

6. Click Yes

The total cost is $60,000 in labour after 1000 hours (huge increase) which drops the
maximum wait time to 58 minutes. We have achieved our goal of decreasing the maximum
wait time to around an hour, but at a significant increase in costs.
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Alternative #2: Split the process into two. The mechanic handles only the tasks that
he/she is trained for. All other tasks (customer interaction) are handled by a customer
service rep. who is paid at a rate of $8/hour. We estimate that this change will shave 15
minutes off the service time of the current process. We also estimate that the customer
service rep. will spend between 6 minutes (minimum), 8 minutes (maximum), and 7
minutes (likely) with the customer.

1.
2.
3.

9

Save your original Arena model into another file

Click END (stop) if needed

Delete the connection between the Create and Process module (click the connection,
hit DEL on the keyboard)

Arrivals \-
/

Click “Arrivals” so it is selected
Drag in another process module between Arrivals and Oil Change

Qil Chanoe fe——

Arrivals \-—- Process 2 e Qil Change
/.

0 0

Create a connection between “Process 2” and “Oil Change” (click the connection
button, click the blue dot of Process 2, click the blue dot of Oil Change)

4

— Process 2 f———= Qil Change

0 0

Double-click the “Oil Change” module

Add “— 15” to the expression in order to subtract 15 minutes from the service time
(because we estimated that this service time would be reduced by 15 minutes by
moving customer service tasks into the other process)

Expression:

|44.5+14=BETA[1.06,1.33) - 15 =]

Click OK

10. Double-click the “Process 2” module
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11. Make the necessary changes (give it a name, choose the action, add a resource, set
the service time, etc.

Process
Marme: Tvpe:
|Eustu:umer Semvice j |Standard ﬂ
Logiz
Achion; Eriarity:
Seize Delay Release j |Meu:|ium[2] j
Besources:
Resource, Cuztomer Service Rep. 1 Sd...

Edit...

Delete

iF

Delay Type: Uritz: Allocation:

|Triangular j |I'--1inutes j |Elther j
Minirnwrn: Walue [Most Likely]: I awirnLn;

(5 |7 [

[v Feport Statistics

k. | Cancel | Help

12. Click OK

Set up the resource:
1. Click Resource in the left menu
2. Ensure that the capacity is 1 for both resources (only one of each working at any
given time)
3. Change the busy/hour and idle/hour values to 8 for the Customer Service Rep

Hame | Type |Capaci‘ty| Busy / Hnurl Idle / HDlIrl Per Usel StateSet Name| Failures|Report Statis‘lics|
1 Wechanic Fixed Capacity 1 30 30 0.0 Drows |V
2 |custamer Service Rep Fixed Capacity 1 g g 0.0 Orows |V
Analyze:
1. Run the report (click GO)
2. Click Yes

We can now note that for an additional $8,000 (total cost $38,000) we can reduce the
maximum time to 60.3 minutes.
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7.4 Recommendation

Alternative #2 is the best choice. We reduced the total time spent in the system by about
16 minutes at an additional cost of $8,000. Alternative #1 does decrease the total time in
the system by an additional 2 minutes; however, it is $22,000 more expensive (that is
$11,000 per minute!).
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8.0 Advanced: Conditions

Situation: 10% of products coming down a line will likely be rejected due to problems in
the production process.

Solution: Use a decision module to redirect 10% of the products elsewhere

ahwNPE

Create “Create” module
Create “Decide” module, make sure it is connected to the “Create” module
Double-click the “Decide” module
Label it “Reject?”
Under “Type”, choose “2-way by Chance”
i.
ii.

“2-way by Chance” uses a probability to determine TRUE/FALSE

“2-way by Condition” uses attributes and variables from your model to
determine TRUE/FALSE

“N-way by Chance” allows multiple probabilities to determine TRUE/FALSE
“N-way by Condition” allows for more than one condition to determine
TRUE/FALSE

6. Type 10% under “Percent True”

Tope:
j |2-wa_l,lh_l,lEhance j

Bercent True [0-100];

10 | =

0k | Cancel Help
7. Click OK
Creala 1 \r-—-- F"-"j':\-
IJ L

8. Create “Dispose” module

9. Make sure it is connected to the “TRUE” result of the decision module
10. Create “Process” module

11. Make sure it is connected to the “FALSE” result of the decision module
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12. Connect “Process” module to “Dispose” module

Create 1 \=

T

=
*

Reject?

)

D Fare

Jj Dispose 1
\ n

Frocess 1

13. Double-click the “Process” module
14.Choose “Seize Delay Release” under “Action”
15. Add a resource called “Worker” with a quantity of 1

16. Leave all other values as default (the delay type is left as default for this exercise —
in a real situation, you would set the delay type appropriately)

17.Click OK

Process

Type:

ﬂ | Standard

Logic

Actian; Eriarity:

Seize Delay Releaze

| |Mediumn(2)

[

Besources:
Resource, Warker, 1 Add...
<End of ligt> —
Edit... |
Delete |
Delay Type: Units: Allocation;
|Triangular j |H|:|urs ﬂ |Value.-’-‘-.dded ﬂ
Mimirmum: "W alue [Most Likely): b aminnan;
.5 1 1.5
[v Report Statistics
k. | Cancel | Help

18. Zoom to “Page”
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Before running this model to see our results, we need to set up the replications, reports,

etc.

Run Setup:

©OPXNOOUALNRE

Click Run (at the top)

Click Setup

Click the “Run Speed” tab

Type “0.01” as Animation Speed Factor

Click the “Project Parameters” tab

Check “Entities”, “Resources”, “Queues”, “Processes”
Click the “Replication Parameters” tab

Number of Replications: 10

Replication Length: 8 hours

10. Base Time Units: Hours
11. Click OK

Run the model and notice how approximately 10% of entities are being rejected and
disposed immediately. All others are processed and disposed like normal.

Discussion:

You could just as easily use a decision module to send an entity to one process over
another. For instance, suppose 10% of customers are “preferred” and are allowed to skip a
few processes ahead of the other customers. In this case, TRUE might send them to Process
#2 where FALSE would send them to Process #1. Decision modules are used heavily in
situations where the flow of entities is not always linear from process to process and where
skipping processes is allowed.

Page 72



Introduction to Simulation

9.0 Working With / Saving Your Report

Arena generates an .out file that contains the report. If you want to open this report in

Microsoft Word, follow these steps:

1. Open Word
2. Click File
3. Click Open
4. Beside “Files of type” choose “All Files”
5. Navigate to the folder where your Arena model is saved
6. Double-click the .out file (it is the name of your arena model followed by .out — ex.
Mr Lube.out)
Open )]
Look jn: |J Mr Lube @ - | @ X Ly ]~ Tools~
My Recent Mr Lube - Alternative 1
DEELEE @Mr Lube Times
= Mr Lube, ety
I. Mr Lube, opw
Desktop Mr Lube,out
Mr Lube.p
My Documents
5
My Cornpuber
D File name: | vl
Tl Mebwork
Places Files of tvpet | Al Fies v|  [_coneel

7. The report should look like this in Word:
ARENL Sirmlation Results
- License:

STULENT

Swmnary for Feplication 1 of 1

Project: Mr Luhe
execution date : 3/2Z5/2004
hnalyst: Justin Clarke
revision date: 3/25/2004

Feplication ended at time
Baze Time Units: Minutes

60000.0 Minutes

Run

Model

TLALLY WARIAELES

Identifier lverage Half Width Minimum
Max imaumn Chservations

0il Change.WaitTimePerEntity .39338 19200 .aoooo
13.174 753

Customer Service.OtherCostPerEntity 93425 00345 .g80710
1.0578 783
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10.0 Appendix A: Example Two - Data Points

Inter-arrival Times Oil Change Times (units = minutes)
50 47
33 54
93 56
104 57
71 52
98 45
82 50
98 48
118 54
54 46
112 49
110 50
57 50
107 46
113 49
119 56
60 54
112 58
45 46
43 48
80 57
44 53
65 51
74 47
112 45
109 46
110 46
119 52
97 53
85 56
86 49
66 51
93 48
45 47
85 47
83 47
54 53
117 51
52 56
59 49
31 45
66 56
62 50
68 49
32 48
47 51
41 45
93 57
35 54
34 57
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11.0 Additional Resources

11.1 Arena Manuals

Arena comes with a series of manuals that are very helpful.
1. Open Arena
2. Click Help
3. Click Product Manuals
4. Choose “Arena Basic Edition User’s Guide”

11.2WebCT

The WebCT web site should have a document called “The Triangular Probability Distribution”
which is helpful for better understanding the theory behind the triangular distribution.
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