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Abstract

This is a collection of exercises that have been proposed for the Computer Systems Modeling and Semantic
Web course in the third year of the Data Analytics international bachelor.

Exercises are inspired to several sources and a possible solution is proposed. Solutions include the use of
specific software. We will use the Java Modeling Tools simulator.



1 Exercise: the virtual channels!

We have a computer network composed of 4 routers with Poisson distributed service times. Router 1, 2 and 4
can process an average of 10 packets per second. Router 3 can process an average of 20 packets per second.

The network is serving 4 virtual channels. The first channel passes through routers 1, 2 and 3, then delivers
the packets to destination. The second channel passes through routers 1, 3 and 4, then delivers the packets to
destination. The third channel passes through routers 2, 3 and 4, then delivers the packets to destination. The
fourth channel passes through router 3, then delivers the packets to destination. The sources of the channels
produce packets according to Poisson distributions as well. The rates are 3, 4, 5 and 6 packets per second
respectively.

1. What are the utilizations of routers?

2. What are the average number of packets at the routers?
What are the response times of the routers?

Which channel has the highest response time at router 27

Which router is the bottleneck of the system?
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What is the average total time in the system for packets using virtual channel 27

1.1 Solution

We have a network of four interconnected routers that are visited in different ways by packets that are generated
at different sources and travel into separate virtual channels. These channels are using the same 4 routers in
different ways.

Since packets of all channels have the same service times in each router, the model can be approached
analytically.

As question 6 requests a total time in the system, we can model the system as a queuing network. The
routers transparently process packets from any source, making no difference between the channels (e.g., there
is no priority or quality of service policy). Anyway, questions 4 and 6 suggest that the four channels have to be
dealt with separately, in order to compare what is happening for a specific channel, that is, a specific source.
This request suggests the definition of 4 classes.

The system can be modeled as in Fig. 1.
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Figure 1: The model

The questions may be answered by applying an analytical approach or by using the JMT simulator.

IThis exercise is based on the exercise presented in [1] in subsection 18.6.1, page 322.



1.2 Analytical solution

For question 1, Uy = Ap/p, where py are the provided (class-independent) service rates and A should be
computed.
As each channel is routed deterministically, Ax . (where k identifies the router or the source if 0, and ¢
identifies the channel) can be immediately obtained for each router:
A1 =A21 = A31 = Aog,1 = 3 job/s,
A2 =A32 = A2 = X2 =4 job/s,
A2,3=A33 = A13= Aoz =D job/s,
)\374 = /\0,4 =6 jOb/S.

The total A\ = > A for each router are:

AM=A1+A2=3+4="7]job/s,
A2 =X21+A23=3+5=28job/s,
A3 = /\371 +/\372+/\373—|—/\374 =34+4+5+6=18 jOb/S,
M=Ma2+N3=4+5= 9 job/s.

Consequently, average utilizations are:
U1 = )\1//1,1 = 7/10 = 0.7,
U2 = /\2//.&2 = 8/10 = 0.8,
U3 = /\3/#3 = 18/20 = 097
U4 = )\4/#4 = 9/10 =0.9.

This answers question 1, and the problem can be solved, as the system is stable; since Us = Uy = 0.9 is the
highest average utilization value, routers 3 and 4 are the bottleneck, and this answers question 5.
In order to answer question 2, we might consider that

Ak Die Uke U
Nk:zC:Nk,c:;)\k,c'Rk,c:; 1T, —zc:l_Uk—l_Uk-

Using the values for average utilizations, the average numbers of packets are:
Ul/(l —Up) =0.7/0.3 = 2.34 jobs,
Us/(1—Us) =0.8/0.2 =4 jobs,
N3 = Ug/(l —U;3) =0.9/0.1 =9 jobs,
Ny, =Us/(1—-Uy) =0.9/0.1 =9 jobs.

For question 3, it holds that

N N,  Ng Ny

SR S 35 PR 3 D VR

as sums only have to consider the channels that actually use router k, so that
Rl = Nl/)\l = 234/7 =0.34 S,

R2 = NQ//\Q = 4/8 =0.5 S,

R3 = Ng//\g = 9/18 =0.5 S,

Ry=Ny/Ay=9/9=1s.

For question 4, we have that

Ry .= Dyc ke Ske X R S’“’_ lle
ST, T 1-U,  1-Un 1-U’

because there is no loop in the model and there is no dependency on the channel in the final expression, as all
average service rates for the routers are independent from the channel. As this is the only question in which an
index is asked that explicitly depends on classes, and dependency on channels disappears, one might consider
that classes are not needed, and that the system might be modeled by means of a simple queuing network
ans solved by applying the separable models technique: this is anyway not viable, as routing would not be
homogeneous, thus violating the third assumption.

In order to answer question 4 we obtain, for router 2, that is used by channels 1 and 3, the same value found
while answering question 3 for Ra:




Ryy =1/(p2-(1-0Uz)) =1/(10-(1-0.8)) =0.5s,
Rys=1/(u2-(1—Uz))=1/(10- (1 - 0.8)) = 0.5 5.

To answer question 6, we have to sum all the average response times for the routers that are used by channel
2, that are routers 1, 3 and 4: the overall average time spent in the systems by packets using channel 2 is
T=Ri+Ry+R;4=034+05+1=1.84s.

1.3 Using JMT

When creating the 4 classes, each should be assigned one of the sources shown in Fig. 1 as reference station,
setting up the correspinding rate as in Fig. 2.

Define customer classes X

Classes Characteristics Add Class

Define type (Open or Closed), name and parameters for each customer class. =
Closed Classes: If a ClassSwitch is in the model, then all the closed classes must have the same reference station. Classes: 4
Open Classes: An open class that has Fork, ClassSwitch, Scaler or Transition as the reference station is not generated by any Source.

Priorities: A larger value implies a higher priority.

Color | Name Type Priority | Population | Interarrival Time Distribution Reference Station
- Class1 Z Open 0 exp(3) Edit £ Channel 1 b
- Class2 Z Open 0 exp(4) Edit Zi Channel 2 B
- Class3 Z Open 0 exp(5) Edit Zi Channel 3 B
- Class4 & Open 0 exp(6) Edit i Channel 4 B

Figure 2: Classes setup

The channels have to be obtained by setting properly the routing section in the queues for each class. As
channels have deterministic paths, each router should be set so that jobs from each class are directed to the
right next router. This can be done by choosing a probabilistic routing with 100% probability of taking the
right path between the physical connections between the routers. Examples for channels 1 and 2 at router 3
are in Fig. 3 and 4.

Editing Router 3 Properties... X

- Station Name

Station Name: |Router3|

I Router 3 Parameters Definiton

Queue Section \ Service Section ' Routing Section\

~ Routing Strategies I Description

Jobs are routed to stations connected
to the current one according to the
specified probabilities. If the sum of

Routing Strate

Class
Probabilities

2 Class? Probabilities E the probablhlnes is different from 1, all
the values will be scaled to sum 1.
Z Class3 Probabilities - - -
" Routing Options |
& Class4 |Pf0b3bi|iti95 "| Destination Probability
Router 4 0.0
Sink 1 1.0
Sink 4 0.0

Figure 3: Setup of channel 1 at router 3



Editing Router 3 Properties... X

~Station Name

Station Name: IRouter 3

I Router 3 Parameters Definiton

Queue Section \ Service Section ' Routing Section \

I Routing Strategie: " Description
Class | Reutiing Sietagy conne(fted to the currfept one
- according to the specified
< Class1 ‘Probabilities ~|/| | probabilities. If the sum of the
— probabilities is different from 1, all
oome TS Y| e lbesciedtoam 1.~
Z Class3 ‘Probabilities ~|/| |~ Routing Opti
- o Destination Probability
+s Class4 Probabilities b Router 4 10
Sink 1 0.0
Sink 4 0.0

Figure 4: Setup of channel 2 at router 3

As routers process all packets equally for all channels, the service section setup for all classes of each router
will be set up so that all classes have the same service rate (10 packets per second for routers 1, 2 and 4, 20
packets per second for router 3, exponentially distributed service times) as in Fig. 5.

Editing Router 3 Properties... X

- Station Name

Station Name: |Router 3

I Router 3 Parameters Definiton

Queue Section ' Service Section \ Routing Section\

" Number of Servers

Number:

I Service Time Distribution:

Class | Strategy | Service Time Distribution | |
C Classt |Load Independent "'| exp(20) Edit
& Class2 Load Independent | exp(20) Edit
& Class3 Load Independent | exp(20) Edit
C Class4 Load Independent *| exp(20) Edit

Figure 5: Setup of service times for router 3

The queue section for all routers is set to infinite server, and FCFS service policy for all channels.

In order to answer question 1, the 4 utilizations for the 4 routers with respect to all classes must be added
in the performance indices panel. Similarly, to answer question 2, the 4 average number of customers for the 4
routers with respect to all classes must be added. Analogously, in order to answer question 3, the 4 response
times for the 4 routers with respect to all classes must be added.

To answer question 4, response times for router 2 with respect to classes 1 and 3 must be added, as channels
2 and 4 do not use router 2.

In order to answer question 5, no additional preformance index is needed, as the bottleneck is the router
with the highest utilization and utilizations have been computed to answer question 1.

Finally, to answer question 6, the 3 response times for routers 1, 3 and 4 with respect to class 2 must be
added and summed.

The list of needed performance indices is in Fig. 6.



Define performance indices X
Performance Indices
Define performance indices to be collected and plotted by the simulation engine. | ---Select an index--- "
Performance Index Class/Mode Station/Region/System ‘ Stat.Res. | Conf.Int. ‘ Max Rel.Err. ‘
Utilization --- All Classes --- || == Router 1 b ] 0.99 0.03 /%]
Utilization --- All Classes --- w| == Router 2 hd O 0.99 0.03 ;
Utilization --- All Classes --- || == Router 3 b O 0.99 0.03 ;
Utilization --- All Classes --- w| == Router 4 - O 0.99 0.03 ;
Number of Customers --- All Classes --- || =+ Router 1 b O 0.99 0.03 ;
Number of Customers --- All Classes --- w| == Router 2 - O 0.99 0.03 ;
Number of Customers --- All Classes --- ¥ || = Router 3 h O 0.99 0.03 ;
Number of Customers --- All Classes --- || == Router 4 % O 0.99 0.03 ;
Response Time --- All Classes --- ¥ | = Router 1 A O 0.99 0.03 ;
Response Time --- All Classes --- || == Router 2 b O 0.99 0.03 E
Response Time --- All Classes --- w| == Router 3 hd O 0.99 0.03 ;
Response Time --- All Classes --- || == Router 4 b O 0.99 0.03 ;
Response Time  Class1 || =+ Router 2 b’ O 0.99 0.03 ;
Response Time & Class3 || = Router 2 b O 0.99 0.03 ;
Response Time - Class2 || =+ Router 1 i D 0.99 0.03 ;
Response Time & Class2 ¥ || = Router 3 g O 0.99 0.03 ;
Response Time . Class2 || =+ Router 4 b D 0.99 0.03 ;
Statistical Results CSV file
Check the 'Stat.Res." button to collect samples in a CSV file for additional statistical analysis. This option may produce a file with a large size.
CSV files path: C:\Users\Mauro lacono\JMT Delimiter: |:|
Decimal separator: l:l

Figure 6: Setup of performance indices

After launching the simulation, some of the indices will not satisfy confidence intervals with standard settings.
It is sufficient to augment the maximum number of events from 1000000 to 15000000 in the "Define simulation
parameters" panel. If the simulation takes too much time to complete, check if numbers of customers indices
all converge to a finite value: otherwise, routing might not be set correctly.

In the following, we obviously expect that the obtained results are coherent with the ones obtained by the
analytical solution.

We obtain the values shown in Fig. 7 for the utilizations. All values are in the confidence interval. Utilization
of router 1 is 0.70, utilization of router 2 is 0.78 (compatible with 0.8 obtained analytically, as simulation error is
0.03), utilization of router 3 is 0.90, while utilization of router 4 is 0.91 (compatible with 0.90, as simulation error
is 0.03, and this answers question 1): consequently, the system bottleneck is router 4, but router 3 is basically
in the same conditions of average utilization (this answers question 5, and the analytical results confirm that
they both are equally the bottleneck).

We obtain the values shown in Fig. 8 for the average numbers of packets. For router 1 we obtain 2.38, for
router 2 we obtain 4.03, for router 3 we obtain 9.08, for router 4 we obtain 9.02 (values for router 1 and 3 are
not compatible with the ones obtained by the analytical solution, anyway within a small interval): this answers
question 2.



& Simulation Results - esercizio-multiclass_MultiChannelNetwork jsimg

Number of Customers \ Response Time /

Utilization

.n\

Average utilization for each selected class at each selected station. For multi-server queueing stations this is the average utilization of each server. The utilization of a delay station is the
average number of customers in the station (may be greater than 1).

Station Name: Router 1 Class Name: -- All - : 0.726
0.635
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: 61440 0544
Min: 0.6920 Max: 0.7175 0.453
a Average value: 0.7047 | | Abort Measure ‘ 0.363
0.272
Right-click to save it. 0.091
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 1 2 3 4 5 6 7
10%3
Station Name: Router 2 Class Name: - Al -- : 0.855 S ——
0.748 -
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: 40960 0641
Min: 0.7637 Max: 0.8045 0.535
a Average value: 0.7841 | | Abort Measure ‘ 0.428
0.321
Right-click to save it. 0107
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 07 14 21 28 35 42 49
10%3
Station Name: Router 3 Class Name: -- All -- : 0.951 —_—
0.832
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: 48640 0.713
Min: 0.8845 Max: 0.9130 0.594
@ Average value: 0.8987 | | Abort Measure ‘ 0.475
0.357
. . . 0.119
Right-click to save it.
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'OOUO 04 08 12 16 2 24 28
1073
Station Name: Router 4 Class Name: -- All -- : 0.941
0.824
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: |33280 0.706
Min: 0.8876 Max: 0.9311 0.588
Average value: |0.9094 | | Abort Measure ‘ 0.471
0.353
0235
. . . 0.118
Right-click to save it.
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'OOUO 05 1 15 2 25 3 35
103 [+

> 1@

Simulation Complete (Time Elapsed: 149.5s)

Figure 7: Average utilizations




& Simulation Results - esercizio-multiclass_MultiChannelNetwork jsimg m} X
Number of Customers| \ Response Time \ Utilization\
Number of Customers
Average number of customers for each selected class at each selected station.
a
Station Name: |Router 1 |Class Name: -- Al -- |: 3.481
3.045
Conf.Int/Max Rel.Err: |0.99 /0.03 |Ana|yzed samples: |573440 2610
Min: 23118 |Max: 2.4468 2175
a Average value: ‘2.3793 | | Abort Measure ‘ 1.740
1.305
0870
Right-click to save it. 0.435
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 24 42
103
Station Name: Router 2 Class Name: -- All -- : 5713
4.999
Conf.Int/Max Rel.Err: {0.99 / 0.03 Analyzed samples: | 2293760 4285
Min: 3.9396 Max: 41172 3571
a Average value: 4.0284 I | Abort Measure l 2.857
2.143
Right-click to save it. 0714 I
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0.00U0 84 126 147
103
Station Name: Router 3 Class Name: -- All -- : n2 o
9.805
Conf.Int/Max Rel.Err: {0.99 / 0.03 Analyzed samples: 9175040 8.404
Min: 8.8558 Max: 9.3091 7.004
a Average value: 9.0824 | | Abort Measure ‘ 5.603
4.202
2801
Right-click to save it. 1.401
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'OOUO 148 259
1013
Station Name: |Router4 Class Name: -- All -- |: 12.56
10.99
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: 6225920 0.418 m Il
Min: 8.7721 Max: 9.2604 7.848
Average value: |9.01 62 I | Abort Measure ‘ 6.279
4.709
3139
Right-click to save it. 1.570 L
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 150 200 250 300 350
103
) u _] D Simulation Complete (Time Elapsed: 149.5s)

Figure 8: Average numbers of customers

Response times for the routers with respect to all classes are in Fig. 9. Response times for router 1, 2, 3
and 4 are respectively 0.34 s, 0.50 s, 0.50 s and 1.00 s: this answers question 3.



& Simulation Results - esercizio-multiclass_MultiChannelNetwork jsimg - m} X
Number of Customers " \ Utilization\
Response Time
Average response time for each selected class at each selected station. In a Fork/Join section this index refers to tasks and not to customers.
Station Name: Router 1 Class Name: -- Al -- : 0.418
0.365
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: |368640 0313 ]
Min: 03284 Max: 03456 || 0261
Average value: ‘0.3370 | | Abort Measure ‘ 0.209]
0.157]
0104
Right-click to save it. 0052
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 8 16 24 32 40 48 56
1043
Station Name: Router 2 Class Name: - All - : 0.718
0.628
Conf.Int/Max Rel.Err: {0.99 / 0.03 Analyzed samples: 696320 0538
Min: 0.4906 Max: 0.5192 0.449177 T
Average value: |0.5049 | | Abort Measure ‘ 0.359]
0.269]
0.179
Right-click to save it. 0.090]
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0'Uwo 13 26 39 52 65 78 91
1043
Station Name: Router 3 Class Name: - All -- : 0.590] |
0.516] NI =i :
Conf.Int/Max Rel.Err: 0.99 / 0.03 Analyzed samples: | 5570560 0.443 i
Min: 0.4876 Max: 0.5080 0.36!
Average value: 0.4978 | I Abort Measure ‘ 0.295
0.221
0.148
Right-click to save it. 0.074
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0'0000 45 90 135 180 225 270 315
1043
Station Name: Router 4 Class Name: -- Al -- : 1.384 -
1.211
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: 13932160 o | Joyly A
1.038 ||||||||'“"“' R i A1
Min: 0.9681 Max: 1.0132 0.8651 ||
Average value: |0.9906 | | Abort Measure ‘ 0.692
0.519
0346
Right-click to save it. 0173
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0'000 64 128 192 256 320 384 448
1043

Figure 9: Average response times - question 3

Response times for router 2 with respect to channel 1 and 3 are in the upper part of Fig. 10 (channels 2
and 4 do not use it). Obviously they have the same value of 0.50 s, as we know from previous considerations:
this answers question 4.

As for the lower part of Fig. 10, response times for routers 2, 3 and 4 with respect to channel 2 are
respectively 0.34 s, 0.51 s and 0.99 s, for an average total time in the system for packets using virtual channel
2 of 1.84 s: this answers question 6.



Station Name: Router 2 Class Name: Class1 : 0.717)
0.627
Conf.Int/Max Rel.Err: {0.99 / 0.03 Analyzed samples: | 256000 0538
Min: 0.4922 Max: 0.5161 0.448
@ Average value: 0.5041 | I Abort Measure ‘ 0.358
0.269
Right-click to save it. 0.090
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0'0000 13 26 39 52 65 78 o1
1073
Station Name: Router 2 Class Name: Class3 : 0.719
0.629
Conf.Int/Max Rel.Err: 0.99 / 0.03 Analyzed samples: 655360 05391
. P —
Min: 0.4918 Max: 0.5136 0.4497"
a Average value: 0.5027 | | Abort Measure ‘ 0.359]
0.269]
0180
Right-click to save it. 0.090]
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0'0000 19 38 57 76 95 114 133
1043
Station Name: Router 1 Class Name: Class2 |: 0.368 e
0.322
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: 133120 | 0276
Min: 03254 Max: 03454 || 0230
@ Average value: ‘0.3354 | | Abort Measure ‘ 0.184
0.138
0.092
Right-click to save it. 0.046
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 5 10 15 20 25 30 35
1043
Station Name: Router 3 Class Name: Class2
Conf.Int/Max Rel.Err: {0.99 / 0.03 Analyzed samples: 819200
Min: 0.4945 Max: 0.5197
@ Average value: 0.5071 | | Abort Measure ‘ 0.314
0.236]
0.157]
Right-click to save it. 0.079] )
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0'Uwo 30 60 90 120 150 180 210
1043

Class Name:

Analyzed samples:

Max:

Class2

2048000

1.0088

Station Name: Router 4
Conf.Int/Max Rel.Err: {0.99 / 0.03
Min: 0.9620
Average value: 0.9854

| | Abort Measure ‘

v

Right-click to save it.

Click on green bars to see the simulation time, the sample average (blue), and the sample values (green).

Hide instantaneous values

|

296 370 444 518

103

> 11 @

Simulation Complete (Time Elapsed: 149.5s)

Figure 10: Average response times - questions 4 and 6
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2 Exercise: CPU-bound and I/O-bound?

A system consists of two devices: a CPU device with exponential service rate 2 jobs/s and an I/O device with
exponential service rate 1 job/s. There are two different types of jobs: CPU-bound jobs and I/O-bound jobs.

CPU-bound jobs arrive at the CPU from outside according to a Poisson process of rate 0.2 jobs/s. After
serving at the CPU, three things can happen to a CPU-bound job:

1.
2.
3.

with probability 0.3, the job leaves the system;
with probability 0.65, the job returns to the CPU queue to repeat the process;

with probability 0.05, the job goes to the I/O device queue, serves there once, and immediately returns
to the CPU queue to repeat the process.

The I/O-bound jobs arrive at the I/O from outside the network according to a Poisson process with rate
0.25 jobs/s. After serving at the I/O, there are three things that can happen to an I/O-bound job:

1.
2.
3.

with probability 0.4, the job leaves the system;
with probability 0.5, the job returns to the I/O queue to repeat the process;

with probability 0.1, the job goes to the CPU device queue; each time the job serves at the CPU device,
it has a 0.05 probability of returning to the CPU device and a 0.95 probability of returning to the I/0
queue.

Our goal is to answer the following questions:

1.
2.

2.1

what is the expected time in system of CPU-bound jobs?
what is the average number of CPU-bound jobs at the CPU?

. if the service policy of the CPU is processor sharing and the service policy of the 1/0 is shortest job first,

how do we expect the behavior of the CPU-bound and I/O bound number of customers at the CPU and
the I/O and their total time spent in the system will change? Why? Verify if your guess is confirmed by
results;

. in order to use this system for real time applications, the CPU is scheduled with a discriminatory pro-

cessor sharing (DPS) policy that allocates twice the CPU to CPU-bound jobs with respect to I/O-bound
jobs. The deadline for CPU-bound jobs is 3 seconds: is this choice sufficient to satisfy this requirement?
Comment results, and compare them to previous cases. If it is not sufficient, what choice may be sufficient?

Solution

The two devices, namely the CPU and the I/O device, are used by both the types of jobs, and can be represented
by two queuing stations. As the routing probabilities are given and depend on the type of job, a classed queuing
network with a class per type is a viable model for the system. Both stations are characterized by exponentially
distributed service times, that are provided in the form of service rates p . equal for both classes at each
station, so that an analytical solution may be applied if the system is stable.

The system can be modeled as in Fig. 11.

2This exercise is based on the exercise presented in [1] in subsection 18.6.3, page 326.
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= - .
- CPU-bound © Sink 1
LA —&
Sink2 | vO-bound
Figure 11: The model
2.2 Analytical solution
The two questions are about CPU-bound jobs, so
)\k,c
ch Vk.c * Sk,c )\c’,ufkc
RC fr— R c fr— PR A fr— 2 2 fr— 2
2 e = o Uy T T, U, S T Sl

The equations to find A\,cpv—bound and As,cpu—pound are obtained by inspecting the model and are:

{)\I,CPUbound = A0, PU—bound + AM,CPU—bound * P1,1,CPU—bound + A2,CPU—bound * P2,1,CPU—bound = 0.2 + 0.65\1,cPU—bound

A2,CPU—bound = M,CPU—bound * P1,2,CPU—bound = 0.09A1,1,0PU—bound

0.35A1,cPU—bound = A2,c PU—bound + 0.2
A2,0PU—bound = 0.05A1,cPU—bound

0.3\ 1,cPU—~bounda = 0.2
)\Q,C’PUfbound = 0-05)\1,CPU7bound

A1,CPU—bound = 0.666 jobs/s
/\2,CPU—bound = 0.033 jObS/S

Analogously, the equations to find A1 7/0—bound and A2 1/0—bouna are obtained by inspecting the model and
are:

A1,I/Ofl7ound = )‘17I/Ofbound *P1,1,1/0—bound + /\Q,I/Ofbound *P2,1,1/0—bound = O~O5>\1,I/Ofbound + O-1>\2,I/Ofbound
A2,1/0—bound = A0,1/O—bound T A1,1/0—bound * P1,2,1/0—bound T A2,1/0—bound * P2,2,1/0—bound = 0-25 + 0.95A1 1,0 _pound + 0.5

0~95)\1,1/Ofb0und = 0-1)‘2,I/Ofbound
0~5)‘2,1/07bound =0.25 + 0-95)‘1,1/Ofbound

)‘I,I/Ofbound = 0-105)‘2,1/Ofb0und
0~5>‘2,I/O—bound =0.25 40, 1)‘2,I/O—bound

A1,1/0—bouna = 0.066 jobs/s
A2,1/0—bound = 0.625 jobs/s
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We can compute now the average utilizations for the devices by the CPU-bound tasks as Ui, cpu—bound =

A1,CPU—bound _ 0.666 _ _ A2,cPU—bound __ 0.033 _ _
Hern e = SR = 0.3331 and Us,cpu—bound = e = 2 = 0.0331, and by the I/O-bound tasks

A1,1/0—boun 0.066 A2,1/0—boun 0.625 :
as Uly]/ofbound = Hi;j(ojizwnj =5 = 0.0331 and UQ)I/O,bound = u:ngzmmj =7 = 06251, COIlChldlng
that the system is stable and can be solved analytically.

Applying the formula found for R. to CPU-bound tasks we obtain

Reopu—bound = R1,0PU—bound + R2,cPU—bound = 2.626 + 0.482 = 3.108 s,

since
Al,C’PU—bound 0.666
)\0 CPU—bound * 11,0 PU—bound 0.2.-2
R —bound — ’ ’ = . = 2.626
LOPU=D ¢ 1-— Ul,CPUfbound - Ul,I/Ofbound 1-0.333 -0.033 s
and
)\Q,CPU—bound 0.033
Ro.copt—bound = A0,CPU—bound * H2,0PU—bound 0.2-1 0482 s,

1 = Us,cPU—bound — U2,1/0—bouna 1 — 0.033 — 0.625

that answers question 1.
In order to answer question 2, we can consider that

Xc Ak,e

Nk,c = Xc : Rk,c = b, Rk,c = )\LRk,c = )\c : Rk,c
k,c k,c
Ac

that, applied to the CPU for CPU-bound tasks, gives an average number of tasks equal to
N1,cPU—-bound = ACPU—bound * F1,cPU-bound = 0.2 - 2.626 = 0.5252.

As the shortest job first policy is used for the I/O device, question 3 cannot be answered by means of the
analytical methods presented in the course. Anyway, from a qualitative point of view, we may expect that the
effect on the average number of CPU-bound jobs at the CPU will not change significantly, due to the fact that
the fraction of I/O-bound jobs that uses the CPU, and that may take advantage of the processor sharing policy
with respect to CPU-bound jobs, is small and that they come from the I/O device, that has a lower service
rate: we also expect that the average number of 1/O-bound jobs at the CPU will be lower, because they will be
served faster. For the average number of jobs at the I/O device, we expect a small improvement, because shorter
workloads will be promoted to be executed first and will not suffer the operations of longer workloads. For the
same reason, we expect shorter average time in the system for both the kind of jobs, with a higher improvement
for I/O-bound jobs because they are prevalent in the workload of the I/O device. These hypotheses may be
verified by simulation.

Analogously, the analytical approach is not suitable to answer question 4.

2.3 Using JMT

When creating the 2 classes, each should be assigned one of the sources shown in Fig. 11, setting up the
correspinding rate as in Fig. 12.

Define customer classes X
Classes Characteristics Add Class
Define type (Open or Closed), name and parameters for each customer class. —
Closed Classes: If a ClassSwitch is in the model, then all the closed classes must have the same reference station. Classes: -~

Open Classes: An open class that has Fork, ClassSwitch, Scaler or Transition as the reference station is not generated by any Source.
Priorities: A larger value implies a higher priority.

Color ‘ Name Type Priority | Population | Interarrival Time Distribution Reference Station
- CPU-bound £ Open = 0 exp(0.2) Edit i CPU-bound -||X
- 1/0-bound £ Open - 0 exp(0.25) Edit £ 1/O-bound || X

Done

Figure 12: Classes setup

13



The routing section in the queues can be easily set probabilistically, as described by the specification for
each class. Examples for both type of jobs at the CPU are in Fig. 13 and 14.

Editing CPU Properties...
" Station Name
Station Name:

 CPU P« s Definiton

Queue Section \ Service Section Routing Section\

~ Routing Strategie: . Description

Class Routing Strategy Jobs are routed to stations connected
to the current one according to the
n X r -
£ CUHmuE ol specified probabilities. If the sum of

2 1/0-bound Probabilities E the probabilities is different from 1, all
-~ the values will be scaled to sum 1.

" Routing Options |

Destination Probability
CPU 0.65
1/0 0.05
Sink 1 0.3

Figure 13: Setup of CPU-bound jobs routing at the CPU

Editing CPU Properties...

~ Station Name

Station Name: |CPU

[ CPU Parameters Definiton

Queue Section \ Service Section ' Routing Section\

~ Routing Strategies [ Description

Routing Strategy Jobs are routed to stations connected
> CPU-bound ‘ Probabiliti to the current one according to the
~ ~ou" robabilities specified probabilities. If the sum of

3 1/0-bound Probabilities the probabll!tles is different from 1, all
the values will be scaled to sum 1.

Class |

-

[ Routing Options |

Destination Probability
CPU 0.05
1/0 0.95
Sink 1 0.0

Figure 14: Setup of I/O-bound jobs routing at the CPU

As devices process all jobs with the same rates, the service section setup for all classes of each queuing
station will be set up so that all classes have the same service rate (2 jobs per second for the CPU and 1 job
per second for the I/O device, exponentially distributed service times) as in Fig. 15.
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Editing CPU Properties...

 Station Name

Station Name: |{@gV]

[ CPU Parameters Definiton

Queue Section ' Service Section \ Routing Section\

 Number of Servers

Number:

Service Time Distribution

i Service Time Distribution

Class Strategy
Z CPU-bound Load Independent ¥ exp(2) Edit
Z 1/0-bound Load Independent ¥ exp(2) Edit

Figure 15: Setup of service times for the CPU

The queue section for all queuing station is set to infinite server, and FCFS service policy for all classes.

In order to answer question 1, the system response time for class CPU-bound must be added in the per-
formance indices panel. Similarly, to answer question 2, the average number of customers for the CPU routers
with respect to class CPU-bound must be added.

The list of needed performance indices is in Fig. 16.

Define performance indices X
Performance Indices
Define performance indices to be collected and plotted by the simulation engine. | ---Select an index--- '”
Performance Index Class/Mode Station/Region/System Stat.Res. Conf.Int. Max Rel.Err. |
Response Time & CPU-bound || = System 4 O 0.99 0.03 /%]
Number of Customers . CPU-bound | = CPU - O 0.99 0.03/%

Statistical Results CSV file
Check the 'Stat.Res." button to collect samples in a CSV file for additional statistical analysis. This option may produce a file with a large size.

CSV files path: C:\Users\Mauro lacono\JMT Delimiter:

Browse Decimal separator:
Done

L

Figure 16: Setup of performance indices

After launching the simulation, we obviously expect that the obtained results are coherent with the ones

obtained by the analytical solution.
We obtain the value shown in Fig. 17 for the expected time in system of CPU-bound jobs. The value is in

the confidence interval. The result is 3.18, not compatible with 3.10 obtained analytically but sufficiently close,

as simulation error is 0.03.
We obtain the value shown in Fig. 18 for the average numbers of CPU-bound jobs at the CPU. The value

is in the confidence interval. The result is 0.53, as obtained analytically.
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& Simulation Results - esercizio-multiclass_CPU-bound_IO-bound.jsimg - m} X

Number of Customers " System Response Time\

System Response Time
Average response time of the entire system for each selected class.
Station Name: |Network ‘Class Name: CPU-bound |: 32097 ——————————
2.931
Conf.Int/Max Rel.Err: 10.99 /0.03 ‘Analyzed samples: |51200 2564
Min: 3.0861 ‘ Max: 3.2708 2.198
Average value: ‘341785 ‘ | Abort Measure 1.832
a 1.465
| Hide instantaneous values ‘ 1.099
0.733
Double click on this graph to open it in a new windows.
, " } 0.366
Right-click to save it.
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 37 74 111 148 185 222 259
1043
) | J | F Simulation Complete (Time Elapsed: 1.7s)
Figure 17: System response time for class CPU-bound
& Simulation Results - esercizio-multiclass_CPU-bound_|O-bound.jsimg - m} X
Number of Customers| \ System Response Time |
Number of Customers
Average number of customers for each selected class at each selected station.
Station Name: ‘CPU Class Name: ‘CPU-bound ‘: 0.556]
0.494
Conf.Int/Max Rel.Err: ‘0.99 /0.03 Analyzed samples: ‘573440 ‘ 0.432
Min: ‘0.5214 Max: ‘0.5454 ‘ 0.370]
Average value: ‘0.5334 | | Abort Measure 0.309]
a 0.247]
0185
0.123
Double click on this graph to open it in a new windows.
3 " X 0.062
Right-click to save it.
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 91 182 273 364 455 546 637
1043
) 11 ! Simulation Complete (Time Elapsed: 1.7s)

Figure 18: Average number of customers at CPU for CPU-bound jobs

In order to answer question 3, the average number of I/O-bound jobs at the CPU and of I/O-bound and
CPU-bound at the I/O, and the system response time for I/O-bound jobs must be computed, as shown in Fig.
19 and Fig. 20.



& Simulation Results - esercizio-multiclass_CPU-bound_lO-bound-schedulingnonanalitico.jsimg - [m] X

Number of Customers \ System Response Time\

Number of Customers
Average number of customers for each selected class at each selected station.

Station Name: 1/0 Class Name: 1/0-bound 2365 ¥
2.070
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: | 1310720 1774

Min: 1.7677 Max: |1.8539 1.478 /

Average value: |1.8108 | | Abort Measure ‘ 1.183
0.887

va

‘ Hide instantaneous values | 0.591
Right-click to save it. 0.296
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 03 06 09 12 15 18 241
1046 | &|

Station Name: |CPU ‘Class Name: |I/Ofbound |’ 0.074 ~
Conf.Int/Max Rel.Err: |0.99 /0.03 ‘Analyzed samples: |122880 | ggg: T~
Min: |0.0509 Max: |0.0532 | oo0ss /4—
a Average value: ‘0.0521 | | Abort Measure ‘ 0.037
0.028

‘ Hide instantaneous values | 0.018

Right-click to save it. 0.009
0.000

Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0 137 274 411 548 685 822 959

103
Station Name: |I/O ‘Class Name: ‘CPU-bound |: 0.128 ¥
0.112
Conf.Int/Max Rel.Err: |0.99 /0.03 ‘Analyzed samples: ‘122880 | 0.096
Min: 0.0947 Max 0.0990 || 0080 /

0.064

J Average value: ‘0.0969 | | Abort Measure ‘ 0048

l Hide instantaneous values | 0.032
Right-click to save it. 0.016
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 03 06 09 12 15 18 241
10%6 | w
) | J | ’—‘ Simulation Complete (Time Elapsed: 4.8s)

Figure 19: Average number of customers at CPU for I/O-bound jobs and at I/O for CPU-bound and I/O-bound
jobs

& Simulation Results - esercizio-multiclass_CPU-bound_lO-bound-schedulingnonanalitico.jsimg - a X

Number of Customers ' |System Response Time\

System Response Time
Average response time of the entire system for each selected class.

Station Name: Network Class Name: 1/0-bound : 8.531 ——

7.465 I —— e
Conf.Int/M |.Err: |0.99/0.03 lyzed les: |450560

onf.Int/Max Rel.Err: / Analyzed samples: 6.398 /

Min: 7.3031 Max: 7.5758 5.332
Average value: |7.4395 | | Abort Measure ‘ 4.265

3.199

‘ Hide instantaneous values | 2133
Right-click to save it. 1'066‘
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O.OOUO 03 06 09 12 15 18 21
106
) 11 ‘ ‘ Simulation Complete (Time Elapsed: 4.8s)

Figure 20: System response time for class I/O-bound

The service discpline of the CPU must be set to PS for both classes, that is accessible in the Preemptive
Scheduling set in the Queue Section tab, and the service discipline of the I/O must be set to SJF for both
classes. The new results are in Fig. 21 and Fig. 22.



& Simulation Results - esercizio-multiclass_CPU-bound_|O-bound-schedulingnonanalitico jsimg

Number of Customers|| System Response Time |

Number of Customers
Average number of customers for each selected class at each selected station.

Station Name: |CPU Class Name: CPU-bound |: 0.568 e
0.497 |
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: 368640 0.426
Min: 0.5127 Max: 0.5413 0.355
a Average value: [0.5270 l l Abort Measure ‘ 0.284
0213
| Hide instantaneous values J 0.142
Right-click to save it. 0071
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 59 118 177 236 295 354 413
1043
Station Name: 1/0 Class Name: 1/0-bound : 1.454 ——
1272
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: | 1146880 1.090
Min: 1.3441 Max: 1.3988 0.908
@ Average value: |1.3714 ‘ | Abort Measure ‘ 0.727
0.545
| Hide instantaneous values J 0.363
Right-click to save it. 0182
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 02 04 06 08 1 12 14
1046 | |
Station Name: CPU Class Name: 1/0-bound : 0.056 B —
0.049
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: 81920 0.042
Min: 0.0498 Max: 0.0528 0.035
a Average value: 0.0513 ‘ I Abort Measure ‘ 0.028
0.021
| Hide instantaneous values J 0.014
Right-click to save it. 0.007
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 92 184 276 368 460 552 644
1043
Station Name: 1/0 Class Name: CPU-bound : 0.108 ¥
0.095
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: | 122880 oot T
Min: 0.0802 Max: (0.0848 || 0088
Average value: ‘0.0825 ‘ | Abort Measure ‘ 0.054
0.041
| Hide instantaneous valuesj 0.027
. " - 0.014
Right-click to save it.
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 03 06 09 12 15 18 2.1
10%6 |

’

1d

Simulation Complete (Time Elapsed: 5.0s)

Figure 21: Average number of customers with PS and SJF policies

Results are summarized and compared in the following table:

FCFS+FCFS | PS+SJF
Ncpu,cPU—bound 0.527 0.527
NI/O,I/Ofbound 1.811 1.371
Ncpu,1/0-bound 0.052 0.051
Nrj0,cPU-bound 0.097 0.083
Repu—bound 3.126 3.048
R;/0_bound 7.440 5.727

and confirm our hypotheses.
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& Simulation Results - esercizio-multiclass_CPU-bound_lO-bound-schedulingnonanalitico.jsimg - m] X

Number of Customers ' [System Response Time]|

System Response Time
Average response time of the entire system for each selected class.

Station Name: Network Class Name: CPU-bound : 3.299 \
3.079 " —|
Conf.Int/Max Rel.Err: 10.99 / 0.03 Analyzed samples: |81920 2859 —
Min: [2,9652 Max: \ 3.1307 | 2639
2419
Average value: ‘3.0479 ‘ ‘ Abort Measure 2199
1.979
@ 1.539
1.319
1.100
0.880
0.660
. . L . 0.440
Double click on this graph to open it in a new windows. 0220
Right-click to save it. y
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). O'UUUO 59 118 177 236 295 354 413
103
Station Name: lNetwork Class Name: 1/0-bound : 5.941
5.545 |
Conf.Int/Max Rel.Err: |0.99 / 0.03 Analyzed samples: | 163840 5.149
Min: 5.5964 Max: 5.8574 4.753
4357
Average value: ‘5.7269 ‘ ‘ Abort Measure 3.961
3.565
a 2772
2.376
1.980
1.584
1.188
Double click on this graph to open it in a new windows. g;gé
Right-click to save it. :
Click on green bars to see the simulation time, the sample average (blue), and the sample values (green). 0.00U0 94 188 282 376 470 564 658
103

) | J | | Simulation Complete (Time Elapsed: 5.0s)

Figure 22: System response times with PS and SJF policies

To answer question 4, it is sufficient to change the queue policy to DPS, with weights 2.0 and 1.0 for CPU-
bound and I/O bound jobs, respectively. With this setting, simulation produces the values in column DPS in
the following table, that extends the previous one:

FCFS+FCFS | PS+SJF | DPS+SJF
Ncpu,cPU—bound 0.527 0.527 0.524
NI/O,I/Ofbound 1.811 1.371 1.377
Necpu,1/0-bound 0.052 0.051 0.063
NI/O,CPU—bound 0.097 0.083 0.082
Repu—_vound 3.126 3.048 2.980
Rr/0—vound 7.440 5.727 5.718

As first, checking Rcpu—_pound We note that the value is 2.980 s, that is less than the 3 s requirement:
consequently, this choice is not sufficient, because that value is affected by a 3% error, thus it is 2.980 =+ 0.03,
that gives an upper bound of 3.01, and anyway would be too close to the deadline to be viable in practice,
considering that it is an average value of a distribution. We also note that, notwithstanding the higher priority
(that is assigning, with DPS; twice the CPU time to CPU-bound jobs with respect to I/O jobs), the improvement
in the average number of CPU-bound jobs at the CPU is negligible, as well as the average number of I/O-bound
ones, with respect to the PS case, as the contribution of the I/O bound ones to the CPU workload is small.
The average number of I/O-bound jobs at the I/O is also unaltered, while the average number of CPU-bound
ones is significantly higher. The impact of the new setting is also further, even if slightly, improving the value

of Rr/0—bound-
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