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Vehiclesarrive at atoll booth on the freeway at the average rate of 6/minute in acompletely random
fashion. The vehicles are counted and arrival times are recorded, beginning at 12:00 noon.
Ninety percent of the vehicles are cars, while the remainder are trucks, buses, etc.

Write the alphabetic letter corresponding to the name of the probability distribution which each of
the following random variableshas. Warning: some distributions may apply in more than one
case, while othersnot at all!

time of arrival of first vehicle

time of arrival of vehicle #2

time between arrival of vehicle #1 and vehicle #2

number of vehicles arriving during the first 5 minutes
vehiclet of thefirst vehiclewhichisnot acar.

the number of cars among the first 10 vehiclesto arrive
the vehiclett of the second vehicle whichisnot acar.

an indicator for vehicle#n which is 1 if acar, O otherwise.

N A~WNE

Probability distributions:
A. Bernouilli E. Geometric
B. Erlang F. Exponential
C. Poisson G. Pasca
D. Binomid H. Normadl

Write the alphabetic letter corresponding to the numerical value of the following quantities.
9. P{exactly 6 vehiclesarrive during the first minute}

10. P{two of thefirst 6 vehicles are cars}

11. P{thefirst vehicle arrives during the first /g minute}

12. P{the sixth vehicle arrives during the first minute}

13. P{thefirst non-car is vehicle #6}

14. P{the second non-car is vehicle #6}

15. P{vehicle#6 isnot acar}

Numerical values:

J. 6eb K. 0.1
5
-8R 646 6 6

L1 Xa:‘O x! € M. 6! €

N. (0.95(0.1) 0. 1-et

P, ( 2)0.14 0.92 Q. (i)(o.94)(o.12)

R. None of the above
Solutions:

Exponential 1. time of arriva of first vehicle
Erlang 2. timeof arrival of vehicle #2
Exponential 3. time between arrival of vehicle#1 and vehicle #2
Poisson 4. number of vehicles arriving during the first 5 minutes
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Geometric 5. vehiclet of thefirst vehiclewhichisnot acar.

Binomial 6. the number of cars among thefirst 10 vehiclesto arrive
Pascal 7. the vehiclet# of the second vehiclewhichisnot acar.
Bernouilli 8. anindicator for vehicle#n whichis1if acar, O otherwise

9. P{exactly 6 vehiclesarrive during thefirst minute} (Poisson dist'n)
10. P{two of thefirst 6 vehiclesare cars} (Binomial dist'n)
11. P{thefirst vehicle arrives during the first /g minute} (Exponential dist'n)
12. P{the sixth vehicle arrives during the first minute} (Erlang dist'n)
13. P{thefirst non-car isvehicle #6} (geometric dist'n)
14. P{the second non-car isvehicle #6} (Pascal dist'n)
15. P{vehicle#6isnotacar} (Bernouilli dist'n)

AOZro v

<e>-<o>-<0>-<o>-<0>-<0>-<o>-<o> QUIZ H2 <o>-<o>-<o>-<o>-<o>-Ko>-<o>-<o>
We wish to smulate the vehicles arriving at atoll booth on the freeway at the average rate of
5/minute in acompletely random fashion. The vehicles are counted and arrival times are recorded,
beginning at 12:00 noon. Ninety percent of the vehicles are cars, while the remainder are trucks,
buses, etc.

Write the alphabetic letter corresponding to the name of the probability distribution which each of
the following random variableshas. Warning: some distributions may apply in more than one
case, while others not at all!

. probability dist'n of the time of arrival of first vehicle

. probability dist'n of the number of vehicles arriving during the first minute

. probability dist'n of the time between arrival of first and second vehicles

. probability dist'n of the vehiclet# of the first vehiclewhichisnot acar.

. . probability dist'n of the number of cars among the first 10 vehiclesto arrive
To generate numbers R, i=1,2,..., uniformly distributed in the interval [0,1], we will use the
"mid-square” method with seed = 1234. We then will use the inverse transformation method to
generate theinterarrival timest;. In each case below, write the alphabetic letter corresponding to
the correct number. Note: in some cases, there is more than one correct answer.

6. Thefirst uniformly distributed random number R1 is ....?

7. Thefirst smulated vehicle arrives at time ....?

8. If Fisthe cumulative dist'n function of theinterarrival time, F(0.1479) = ....?
9. The second uniformly distributed random number R is ....?

10. The second simulated vehicle arrives how many minutes after the simulation

G WNPE

begins?

A. Binomia H. 0.1479 0. 0.2255
B. Erlang . 27321529 P. 0.3215
C. Poisson J. 2756 Q. 0.3566
D. Geometric K. 0.5227 R. 0.2269
E. Exponential L. 01522756 S. 0.2732
F. Pascal M. 0.1529 T. 0.1297
G. Bernouilli N. 0.1523 U. 0.0776

V. None of the above

Miscellaneous facts, some of which you might find useful:
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(1234)°= 01522756 (0152)°=00032104 (5227)2 = 27321529

0.1479+0.0776=0.2255 (1479)%= 02187441 0.1297+0.2269=0.3566

- In(1-0.3215) - In(1-0.5227) - 1n(0.1523)
5 5 5

- |n(oé3215)  0.2960

- In(1-0.2756)
5

=0.0776 =0.1479 =0.3764

-In(0.5227) _ 0.1297 f@t)=1 elt

In(0.2756)

=0.0645 - =0.2578 F({t)=1-elt

Solutions:

Exponential 1. probability dist'n of the time of arrival of first vehicle

Poisson 2. probability dist'n of the number of vehicles arriving during the first minute
Exponential 3. probability dist'n of the time between arrival of first and second vehicles
Geometric 4. probability dist'n of the vehicle# of the first vehiclewhichisnot acar.
Binomia 5. probability dist'n of the number of cars among the first 10 vehiclesto arrive

0.5227 6. Thefirst uniformly distributed random number Ry is ....?

0.1479 (or 0.1297) 7. Thefirst ssimulated vehicle arrives at time ....?

1-0.5227=0.4773 8. If Fisthe cumulative dist'n function of the interarrival time,
F(0.1479) = ....?

0.3215 9. The second uniformly distributed random number Ry is ....7?

0.2255 (or 0.3566)  10. The second simulated vehicle arrives how many minutes after the
simulation begins?

Note 1. Theinversetransformation isfound by solving F(t)=R for t:
F(t):l-e—|t:RD t:_w

I
If Risuniformly distributed between 0 and 1, then 1-R isalso. Substituting the uniformly
distributed random number for either R or 1-R yields two possible values for t, hence the alternate
answersin (8.) and (10.) above.

Note 2: To obtain the arrival time of the second car, add the two interarrival times. ether
0.1479+.0776 or 0.1297+0.2269, depending upon whether you substitute for R or 1-R in the
inverse transformation.

<e>-<o>-<0>-<o>-<0>-<o>-<o>-<o> QUIZ #3 <o>-<o>-<o>-<o>-<o>-<o>-<o>-<o>

The time between arrivals of forty vehicles are measured. The number of observations O; falling
within each half-minute interval is shown in the table below. The average is computed by
weighting the midpoint of each interval by its number of observations. 0.25x9 + 0.75x4 + 1.25x5
+ ... = 2.225 minutes. We wish to test the "goodness of fit" of the exponential distribution with

Pi E (E-O)?/E
0.2015 8.0594 0.1098
0.1609 6.4355 0.9217
0.1285 5.1389 0.0038
0.1026 4.1035 0.2967
0.0819 3.2767 4.2308
0.0654 2.6165 0.0562
> 3. 0.2592  10.3696 0.1809
The sum of the valuesin the last columnisD = 5.8.

~NOUITDWN RI—
NNEFREO
cw~Nwoaho
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Indicate whether true or false, using "+" for true, "0" for false.

1. The probability pj that acar arrivesin an interval #, [t1, to], is F(t2) - F(t1)

2. The CDF of the distribution isF(t) = P{T 3 t}

3. The quantity D is assumed to have the chi-square distribution.

4. The chi-sguare distribution for this test will have 7 "degrees of freedom".

5. The number of observations O; ininterval #i isarandom variable with approximately
Poisson distribution.

6. Thearrivals of the vehiclesis assumed to form a Poisson process.

7. The square of aN(0,1) random variable has chi-square distribution.

8. The chi-square distribution for this test will have 5 "degrees of freedom".

9. The parameter of the exponentia distribution isassumed to bel = 1/2.225 = 0.45

10. Given T hasthe exponentia distribution with mean 2.225 minutes, the probability that
D exceeds 5.8 is more than 10%.

11. The quantity (E;-G;)2/E; is assumed to have the normal N(0,1) distribution.
12. The exponential distribution with mean 2.225 minutes should not be regjected asa
model for the interarrival times of the vehicles.

13. The CDF of the distribution isassumedtobe F(t) =1- 1 el t

14. The number of observations, G, in an interval should have the binomial distribution.
15. The quantity E; isarandom variable with approximately Poisson distribution.

16. The smaller the value of D, the worse the fit for the distribution being tested.

17. The quantity Ej is the expected number of observationsin interval #i

18. When running SLAM, you will seethe"$" (Aegis) prompt, rather than "%" (Unix).
19. The quantity D is assumed to have approximately a Normal distribution.

20. The degrees of freedom is reduced by 2 because (i) the total number of observationsis
fixed, and (ii) the data was used to estimate one parameter for the distribution being tested.

deg.of Chi-square Dist'n P{D3 c?2}

freedom 99% 95% 90% 10% 5% 1%
2 0.0201 0.103 0.211 4.605 5991 9.210
3 0.115 0.352 0.584 6.251 7.815 11.341
4 0.297 0.711 1.064 7.779 9.488 13.277
5 0.554 1.145 1.610 9.236 11.070 15.086
6 0.872 1.635 2.204 10.645 12.592 16.812
7 1.239 2.167 2.833 12.017 14.067 18.475

Solutions:

True 1. Theprobability pj that acar arrivesin aninterval #i, [ty, to], is F(t2) - F(t1)
Fase 2. The CDF of thedistributionisF(t) = P{T 3 t}
The CDF is F(t) = P{T£t}

True 3. Thequantity D isassumed to have the chi-sguare distribution.

False 4. The chi-square distribution for this test will have 7 "degrees of freedom".
It will have 5 degrees of freedom.

Fase 5. Thenumber of observations O; ininterval # isarandom variable with approximately
Poisson distribution. It has binomial dist'n, approximately Normal dist'n by
Central Limit Theorem.

True 6. Thearrivas of the vehiclesis assumed to form a Poisson process.

Fase 7. Thesquareof aN(0,1) random variable has chi-square distribution.

True 8. Thechi-square distribution for thistest will have 5 "degrees of freedom".

True 9. The parameter of the exponential distribution isassumed to bel = 1/2.225 = 0.45
True 10. Given T hasthe exponentia distribution with mean 2.225 minutes, the probability that
D exceeds 5.8 is more than 10%.

Fase 11. Thequantity (Ei-O)2/E isassumed to have the normal N(0,1) distribution.
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True

Fase
True
Fase

False
True
True
False

True

12. The exponential distribution with mean 2.225 minutes should not be rejected as a
model for theinterarriva times of the vehicles.

13. The CDF of thedistribution isassumedtobe F(t) =1-1elt F(t)=1- eIt

14. The number of observations, G, in an interval should have the binomial distribution.
15. The quantity E;j isarandom variable with approximately Poisson distribution. Ej is
not a random variable, but the expected value of a random variable.

16. The smaller the value of D, the worse the fit for the distribution being tested.

17. The quantity E; isthe expected number of observationsin interval #i

18. When running SLAM, you will seethe"$" (Aegis) prompt, rather than "%" (Unix).
19. The quantity D is assumed to have approximately a Normal distribution. D has
approximately a Chi-square distribution.

20. The degrees of freedom is reduced by 2 because (i) the total number of observationsis
fixed, and (ii) the data was used to estimate one parameter for the distribution being tested.

<°>-<°>-<0>-<°>-<0>-<0>-<°>-<0>'(guiz HA <o>-<o>-<e>-<o>-<o>_Ke>Ko>-<e>

Note that in the SLAM network below, al activity durations are constants (in minutes), and none
random! Thefirst entity is created at time=0.

X G el Yor

(I3 Ty 0 >Nty H

E-E—

careee oo QQW

Before each statement, write the number indicated by (7).

The maximum number of entitiesin the second queueis (?).

Thefirst entity to be created will depart the system after (?) minutes.

The second entity to be created will be served by server #1 beginning at time=(?).
At time=1 minute, the first queue will contain (?) entities.

At time=2 minutes, the first queue will contain (?) entities.

At time=3 minutes, the first queue will contain (?) entities.

Thefirst entity begins service #2 at time = (?).

The second entity to be created will depart the system after (?) minutes.

ONoAWNE

Before each statement, write"+" if true, "0" if false.

9. When an entity arrives at the second queue and finds that it isfull, the entity will be lost
and awarning message will be displayed.

10. The node following the second queue node will collect statistics on the time between
arrivals (INT(2)).

11. Inthis system, two entities can be receiving service at the sametime in activity #1.

12. When an entity arrives at the first queue and finds that it is full, the simulation will
terminate.

Solutions:
1. The maximum number of entitiesin the second queueis 2.
2. Thefirst entity to be created will depart the system after 8 minutes. It will spend 3 minutesin

activity 1 and 5 minutes in activity 2, with zero waiting time.

3. The second entity to be created will be served by server #1 beginning at time= 1. Sncethe

circled 2 means that there are two servers, entity 1 does not need to wait, but begins service

when it arrives.
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4. Attime=1 minute, the first queue will contain O entities.

5. At time=2 minutes, the first queue will contain 1 entities. Thethird entity to be created arrives
at time=2, and must wait since service of thefirst entity isnot yet complete.

6. At time=3 minutes, the first queue will contain 1 entities. At thistime, service of the first
entity is complete, and so entity #3 begins service and |eaves the queue, just as the fourth
entity arrivesto takeits place.

7. Thefirst entity beginsservice#2 attime= 3.

8. The second entity to be created will depart the system after 13 minutes. Thefirst entity
finishes activity 2 at time=8, at which time the second entity can begin. The durationis5,
so it will be complete at time=13.

<o>-<o>-<o>-<o>-<o>-<o>-<o>-o> QuiZ HE <o>-<e>-<e>-<o>-<e>_Ke> Ko >-<e>

Statements below refer to today's homework assignment (HW#5).

Indicate"+" for true, "0" for false:

1. We assumed in this HW that the number of failures at timet , N¢(t), has a Weibull
distribution.

2. If the assumption of Weibull distribution were correct, a plot of the data on the graph
should be approximately on a straight line.

3. The Cricket Graph program fits aline which minimizes the sum of the errors, i.e., the
vertica distance between each data point and the line.

4. The quantity R; isthe fraction of the bulbs which havefalled at timet (or earlier).

5. The Weibull CDF, i.e., F(t), gives, for each bulb, the probability that it has failed at or
beforetimet.

6. The Weibull distribution is usually appropriate for the minimum of alarge number of
nonnegative random variables.

7. According to the results of this homework exercise, the failure rate of the light bulbsis
decreasing rather than increasing.

8. A positive value of k indicates an increasing failure rate, and negative k indicates a
decreasing failure rate.

9. The method used in the HW#5 to estimate the Welbull parametersu & k does not
require that the bulbs be tested until all have failed.

10. Given acoefficient of variation for the Weibull distribution (the ratio S/, the
parameter k can be determined.

11. If 10 bulbs are installed in an office's light fixtures, the number still functioning after
100 days has a Weibull distribution.

12. If thefailure rateisincreasing, it may be more appropriate to use the Gumbel
distribution than the Weibull.

SHect the letter below which indicates each correct answer:

13. Thelabel on the vertical axis should be....

14. Thelabel on the horizontal axis should be ...

15. The slope of the linefit by Cricket Graph should be approximately ...

16. The vertical intercept of the linefit by Cricker Graph should be approximately ...

at 0. Rt m. shape parameter k
b. Int h. In Rt n. scaeparameter u

c. In i. In1/Ry 0. mean valuem

d. Inint J. InlnRy p. standard deviation s
e. Inin 1/ k. Inln I/R¢ g Inu

f. klnu [. ulnk r. Ink

Solutions:
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1. We assumed in this HW that the number of failures at timet , N¢(t), has a Weibull
distribution. The failure time of each bulb is assumed to have Weibull distribution.

2. If the assumption of Weibull distribution were correct, a plot of the data on the graph
should be approximately on a straight line.

3. The Cricket Graph program fits aline which minimizes the sum of the errors, i.e., the
vertical distance between each data point and the line. The sum of the squares of the errors
IS minimized!

4. The quantity R, isthe fraction of the bulbs which havefailed at timet (or earlier). Itis
the fraction which have survived.

5. The Weibull CDF, i.e., F(t), gives, for each bulb, the probability that it hasfailed at or
beforetimet.

6. The Weibull distribution is usually appropriate for the minimum of alarge number of
nonnegative random variables.

7. According to the results of this homework exercise, the failure rate of the light bulbsis
decreasing rather than increasing.

8. A positive value of k indicates an increasing failure rate, and negative k indicates a
decreasing failure rate. Parameter kisalways>0. If k<1, thefailurerateis decreasing.

9. The method used in the HW#5 to estimate the Welbull parametersu & k does not
require that the bulbs be tested until all have failed.

10. Given acoefficient of variation for the Weibull distribution (the ratio S/, the
parameter k can be determined.

11. If 10 bulbs are installed in an office's light fixtures, the number still functioning after
100 days has aWeibull distribution. It should have binomial distribution, with n=10 and
p=1-F(100)=R(100).

12. If thefailurerateisincreasing, it may be more appropriate to use the Gumbel
distribution than the Weibull.

SHect the letter below which indicates each correct answer:

13. Thelabel on the vertical axis should be ...

14. Thelabel on the horizontal axis should be ...

15. The slope of the linefit by Cricket Graph should be approximately ...

16. The vertical intercept of the linefit by Cricker Graph should be approximately ...

<e>-Ko>-Ko>-Lo>-Ko>-Ke>-<o>-<e> Quiz HO <o>-<o>-<o>-<o>-<Ko>-Ke>-<Ko>-<o>

Part One: A system consists of five components (A,B,C,D, &E). The probability that each
component fails during the first year of operation is 10% for A, B, and C, and 20% for D and E.
For each dternative of (a) through (€), indicate:

* the number of the reliability diagram below which represents the system.
* the computation of the 1-year reliability (i.e., survival probability)

Diagram Reliability

a. The system can function if A, B, and C all function or if both D and E
function.

b. The system requiresthat D & E both function, and at least one of A, B, & C.
c. Thesystem requiresat least oneof A ,B, &C, and at least oneof D & E.

d. Thesystemrequiresall of A, B, & C, and at least oneof D & E.
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Reliabilities:
1. 1-(0.1)3(0.2)2 2. (0.9)3[1-(0.2)7 3. [1-(0.1)3](0.8)2
4. [1-(0.1)3]([1-(0.2)3] 5. (0.9)3(0.8)2 6. 1- [1-(0.9)3][1-0.2)2]

7. None of the above

Part Two. Forthe SLAM network below, indicate the appropriate values for the parameters e,
f, and g, in order to simulate the system (b) above, "The system requires all of A, B, & C, and at

least oneof D & E."
o TE‘ :l

& w{iﬁ

"

e f. 0.

<e>-<o>-<o>-<o>-<o>-<o>-<e>-<o> QUIZ #HT <o>-<o>-<o>-<o>-<e>-<o>-<o>-<o>

Part One: A system has 3 types of components (A, B, & C) which are subject to failure. As
shown below, the system requires at least one of components A and B, and at least two of
component C. One of component A isin stand-by. When the first component A hasfailed, the
second isto be switched on. Assume that the sensor/switch has 99% reliability.
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2outof 3
required
it —;/ —
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Epsl
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The lifetime distributions of the three component types are:
Component A: Normal with expected lifetime 100 days,
and standard deviation 25 days.
Component B: Exponential, with expected lifetime 150 days.
Component C: Exponential, with expected lifetime 200 days.

Indicate the values (a through r) on the SLAM network below which will ssimulate this system.

PART OHE

Part Two: Suppose that in the system above, the spare unit of component A isin "warm
standby", i.e., it is possible that the spare can fail while in standby, while the primary unit of
component A isinuse. Thelifetime of the spare has normal distribution with mean 200 days and
standard deviation 40 days. Again, the sensor/switch, which senses that the primary unit of A has
failed and switches on the spare, has 99% reliability.

Indicate the values (sthrough z, a, b, g, and d) on the SLAM network below which will simulate
this system.
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PART TWO

\@ (e

C. d

g. h

k. I

0. p

S. t

w. X

a. b
1.0 2. RNORM(100,25) 3. EXPON(150)
4, 1 5. EXPON(200) 6. RNORM(200,40)
7. 2 8. 0.99 9. 0.01
10. 3 11. None of the above

<e>-<o>-<o>-<o>-<o>-<o>-< o >-o> QuiZ HE <o>-<o>-<o>-<o>-<e> <> <> -<e>

Predecessor Duration (days)

Activity Description Activities  Min. Likely Max
A  Clear & leve dite none 1 2 3
B  Erect building A 4 6 8
C Install generator A 3 4 5
D Ingtal maintenance equipment B 3 4 6
E Install water tank A 1 2 3
F  Connect generator & tank to building B,C,E 3 5 6
G Paint & finish work on building B 2 3 4
H  Facility test & checkout D,F 1 2 3

1. Complete the AON network by labeling the nodes:
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{ begin % A C

2.

A

H (end_)

s
F »’%

N

Complete the AOA network by labeling the arrows (three arrows are unlabeled, not including
those for the "dummy" activities):

Two "dummy" activitiesin the AOA network above have no directionsindicated. Add
directions to these two arrows.

Give numerical values (0, 1, 2, 3, or 4) of "a" thru"n" & "p" on the SLAM network below,
for the same project.

a__ b c___ d e f g__ h_
i | k | m__ n___ p__
5. "0" on the COLCT node of the SLAM network should indicate which type of statistic?
___INT(D) ___FIRST ____LAST ___ BETWEEN
f
N [ @ 'y }
—"" b h n 0
3l WA \
: D *
<o>-<o>-<o>-<o>-<o>-<o>-<o>-<o> QU Z HO <o>-<o>-<o>-<o>-<o>-<o>-<o>-<o>
Predecessor Duration (days)
Activity Description Activities Expected  Std. Dev.
A  Clear & levd ste none 2 1
B  Erect building A 6 2
C Instal generator A 4 1
D  Instal maintenance equipment B 4 2
E Ingdl water tank A 2 1
F  Connect generator & tank to building B,C,E 5 2
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G Paint & finish work on building B 3 1
H Facility test & checkout D,F 2 1

1. Three nodesin the AOA network below are not labeled. Label them.

2. Complete the computation of the earliest & latest expected times for the events (indicated in the
boxes ABOVE). There are six values to be computed!

3. If each duration isits expected value, indicate whether acitivittiesD & F are critical, and for
activity G, compute:
ES = earliest start time LS= latest start time
EF = earliest finish time LF = latest finish time
TF = total float (dack)

Activity Duration ES LS EF LF TF Ciritica?

A 2 0 0 2 2 0 VYes
B 6 2 2 8 8 0 Yes
C 4 2 4 6 8 2 No
D 2 8 9 12 13 1
E 4 2 6 4 8 4 No
F 5 8 8 13 13 0
G 3 No
H 2 13 13 15 15 0 Yes

4. What isthe expected completion time for the project?
5. Under the assumptions of PERT, what is...
the standard deviation of the completion time?
the probability distribution of the completion time?
(circleone: Exponential Triangular Beta Norma Gamma Weibull)

<o>-<o>-<o>-<o>-<o>-<o>-Jo>-o > QuiZ #10 <o>-<o>-<o>-<oe>-<o>-<o>-<o>-<e>

Match SLAM diagram (A through F) & Queue Classification:

M/M/1 M/M/1/4/4
M/M/1/4 M/M/2
M/G/1 M/M/2/4
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EXPOMNCZ)
A £ EXPONGE Y
EXPOMNCZ)
B £ ExPON) C
-—""
WA @
EXPONCZ)
P
I EXPOMC)
¢ )—6
(1
I ndicate standard notation:

Probability system is empty
Average length of queue
Arrivd rate
Averagetimein system

(G) L (H.) Lq
) M (K.) I/m
(M) Wq (N) r

(P) N (Q) po

Dennis L Bricker

(e

(e
(e

EXPOMCZ)
D ¢ ERPON
-—"
LA @
EXFOM(Z)
E | RNORMO4,1)
-—r"
LA L @
EXPONCZ)
F | ERPONGH
AN ] v
Utilization
Expected servicetime
Servicerate

Averagetimein queue

(1)1
L) W

() Iy
(R) m

<0>-<0>-<0>-<0>-<0>-<0>-<0>-<0>-<0>-<0>-<0>-<0>-J0>-Jo >0 >-< 0>
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