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PREFACE

This work was undertaken with the objective of devel-
oping an augmented queuveing system simulator which would
be useful as a classroom demonstration and teaching device
and as a research tool., The system which has been design-
ed, constructed, and tested is herein presented.

The system described is capable of generating elec-
trical impulses at random time intervals with preset dis-
tributions and parameters, capable of using these impulses
to simulate the operation of a complex queueing system,
and is capable of providing both a visual and a permanent
display of the data thus generated.

The author is deeply indebted to many individuals and
organizations for their invaluable assistance., In partic-
ular, appreciation is expressed to Dr. Paul Torgersen,
under whose direction this work was done, for his guidance,
assistance, and patience during the entire course of this
work. Appreciation is also expressed to Dr. George F.
Schrader, Dr. Buck F. Brown, and Dr. P. M. Ghare for their
assistance in the planning, design, and testing stagess; to
Mr. Roger Hale, Mr, John Staggs, Mr. Richard Carmon, and
Mr., James Gibbs for their assistance in the construction

stages; to Miss Velda Davis for her help and typing; and to
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my family for "letting me do it."

Indebtedneés to the following organizations is also
acknowledged: Oklahoma State University for making this
work possible, the National Science Foundation for pro-
viding funds for time and equipment, and Texas Techno-
logical College for permitting the use of various data

recording devices.
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CHAPTER I
INTRODUCTION-

The purpose of this project has been to refine and im-
prove a single station queueing simulator and to develop
means by which several such units could be connected to-
gether in order to simulate a complex or augmented queueing
system. The final queueing simulator was to be a refined
model of a single station queueing simulator designed and
constructed within the School of Industrial Engineering and
Management, with the support of the Office of Engineering
Research, Oklahoma State University.

A queue or waiting line is literally what the name
suggests - a queue or line formed when moving units encoun-
ter an obstruction causing them to be delayed before they
can proceed. It is an indication of the congestion that
occurs when a flow system encounters a restriction or
"bottleneck." A queue or waiting line is formed by the
collection of individual units of the flow system being
temporarily detained at the bottleneck. Lines formed by
people waiting for seats at a motion picture theater or by
aubtomobiles wailting for traffic lights to change are famil-

iar examples.
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Queueing theory and the analysis of qusues are needed
in many indﬁstrial applications, such as communication and
transportation networks ass well as production schedulin
Telephone systems can be designed more economically when
the required circuit capacity to carry traffic, with a pre-
determined maximum delay period is known. A similar situa-
tion exists in highway planning. The determination of the
number of aircraft arrivals and departures a given airfield
can accommodate per unit time is another exampie of the ap-
plication of queueing thecry. Many probiems in operatious
research require a fundamental knowledge of the principles
of queueing theory.

It was felt that, by providing a tool whereby gueueing
lines could be observed and studied without having to re-
sort to the time consuming procedure of observing indus-
trial situations or the laboriocus procedures involved in
hand simulation, student interest in queueing theory could
be increased within the classroom by the instructor and
more students could learn to recognize situations in which
queueing theory can be applied.

The simulator will permit the student to cortrol wvari-
ous statistical parameters such as the arrival and service
distributions as well as the mean service time and mean
arrival time., in order to experience the effect of changing
these parameters on the gqueue. By connecting hwo or more

simulators together, complex queuseing situations may be



demonstrated to show the effect of paralleled or series
services with either similar or different parameters.

The queueing simulator is quite simple in concept. It
has its nucleus, two "random' time interval generators.
These ""random” time interval generators are connected to an
add and subtract stepping relay which displays the queue
length.

Augumented or complex queues can be formed by combin-
ing either the individual "random® time interval generators
or the simple queueing simulators according to the desired

complexity of the queue.



CHAPTER II

CONSTRUCTION OF RANDOM TIME INTERVAL

GENERATOR SECTIONS

The single station queueing simulator is constructed
from five basic sections: (1) power supply section, (2)
constant impulse section, (%) gqueue display section, (4)
and (5) two "“random' time interval generator sections.
Although the power supply section and the constant impulse
sections are required portions of the "random' time inter-
val generator, they are listed as separate sections due to
the fact that they are shared by the two '"random" time in-
terval generators.

The power supply section provides for the power re-

quirements of the wvarious other sections. It provides 110
volts alternating current, 6.3% volts alternating current,
and 9 volts direct current (these voltages will vary ac-
cording to the line voltage to the power supply) for the
other sections. This section contains the parts listed in
Parts List 1, and is wired according to Figure 1.
Leads A and B connect the power supply through the

Power plug (P1-1) to an outside source of power (110 volts

alternating current). Lead C provides the 110 volt



Part
Novo

Part
Description

Capacitor

Power Storage
Capacitor

Power Plug

Main Control Switch

Silicon Rectifier

Transformer

PARTS ILIST 1

Power Supply Section

Specifications

.05mfd. 400VDC

100mfd. 150VDC

2 wire polarized
DPDT

750ma 600PIV

6. 3VAC3A

Manufacturer

Cornell=Dublier

Mallory

Cinch Jones
Cutter-Hammer
Texas Instruments

Stancor

Mfg.
Type

PM455

TC4O3
P302-AB
837 2K8
INS47
P6466
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Figure 1.

Power Supply Section
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aiternating current required by the outei sécfioixs° Lead D
serves as a common refjurn (ground) to thb powér supply for
all circuits. Lead E provides alternating'current stepped
down by the transformer (TR-1) to about 6.3 #olts. Lead ¥
provides the stepped down voltage (about 9.3 volts direct
current) after it has been rectified by the silicon recti-
fier (SR-1) and smoothedvby the power storage capacitor
(C-2). The main control switch (8-1) controls the flow of
power to the entire unit. Thé capacitor (C-1) across'the
power input lines serves to filter undesirable stray cur-
rent and to minimize arcing at various relay contact
points.

The constant impulse section provides five impulses

per second to step stepping relays in the '""random'" time in-
terval generators. This section contains the parts listed
in Parts List 2, and is wired accdrding to Figure 2.

Lead C provides 110 volts alternating current from the
power supply to drive the motor. ILead D provides a-return
path to the power supply for thé altérnating'Current. Lead
G provides five impulses of 110 volt alternating current
per second to the stepping relays in the '"random" time in-
terval generator. The cam disk (CD-1) is fitted on the
shaft of the motor (M-1l) so as to depress the arm of the
microswitch (MS-1). The capacitor (C-3) smooths the cur-
rent flow introduced by the stepping relays in the "'random'

time interval generator.



PARTS LIST 2

Constant Impulse Section

Part Part . Mfg.
No. Description Specifications Manufacturer Type
C-3 Capaciton JA47mfd. 600VDC Mallory PVC60+7
CD-1 Cam Disk Shop made Detail 1
MT-1 Motor Mount Shop made Detail 2
M-1 Motor 60RPM 115VAC 60
cycle. Hurst SM-60RPM
MS-1 Microswitzh SPST Micro Switch Corp. 6RL-2

S-5 Switch ~ SPST | Arrow-Hart and Hegeman 20994 ~BF



Figure 2. Constant Impulse Section
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The gueue display section provides a means of display-
ing the queue visually and a means of controlliné the
"random" time interval generator used to simulate services
in the queueing system to prevent a service frdm occurring
when there is no unit in the service facility. The queue
display section consists of the parts listed in Parts List
3, and is wired according to Figure 3.

Lead C provides 110 volts alternating current from the
power supply. Lead D provides a return path to the power
supply to complete various portions of the circuit. Lead H
is connected to the '""random' time interval generator which
simulates arrivals and causes one to be added to the gueue
count, whenever an impulse is generated by the arrival sim-
ulator. ILead I is connected to the "random' time interval
generator which simulates services and causes one to be
subtracted from the queue count whenever an impulse is gen-
erated by the service simulator. ILead J is connected to a
control relay in the '"random' time interval generator which
simulates services to provide current to indicate by a
light (L-21) that there is no unit in service, if no unit
is in service. Lead K is connected to a control relay in
the "random'" time interval generator which simulates serv-
ices to provide current to indicate by a light that a unit
is in service, if a unit is in service. Lead L provides
current from a contact point of the add and subtract relay

(AS-R1-1) whenever the relay wipper arm is at position zero.



Part
No.

AS5-R1=1

!._.

Celt ,C=5

L-1 to L~
20

L-21

L-22

Part
Degcription

Add and Subtract
Relay
Capacitors

Neon Light Units

Neon Light Unit

Neon Light Unit

oswitch

PARTS LIST 3

Queue Display Section

Specifications

4LOPT 110VAC
A47mfd., 600VDC

Clear

Green

Red

SPST

Manufacturer

Guardian

Mallory

Dialco

Arrow-Hart and
Hegeman

Mfg.
Type
1R-RAS
PVC 6047

5240 x H
Type H995

5240 x H
Type 932

5240 x H
Type 991

20994-~BF

Tt



Queue Display Section

Figure 3.
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The two capacitors C-4 and C-5 smooth the current flow in-
troduced by the add and subtract relay. One iight (L-21)
is lighted whenever there is no unit available to be
serviéed° A 1light (L-22) is lighted whenever there is a
unit in service. The other twenty lights are wired SO that
as a queue forms froﬁ timewtowtime the number of units in
the queue will be indicated by a light being lighted in a
position to correspond to the numbef in the queue. Thus,
when the system is empty, only light No° 21 will be 1ighted,
if there is Qniy one unit in the system (in servicé) on1y
light No; 22 will be lighted, if there is a queue of.igngth
x, (x+1) in the system; light No. 22 and light No. x will
be lighted. Switch (8-2) may be used to prevent fhe count
from stepping and the lights from 1ighting when the simﬁla—
tor is u#ed as part of an augmented éystem. |

The two "random'’ time intervalwgeneratersections

serve as thé source of eiectrical impulses which step the
count. One of the ""random® time generators is attached to
the add side of the counter and is the arrival simulator.
The other is attached to the subtract side and is the serv-
ice simulator;vas these units‘are nearly identical, thej
will be discussed as ons, with their differences being iden-
tified when sppropriste. A "random'" time interval section
consists of the parts listed in Parts List 4 and is wired
according toFFigure 4,

Lead:C is connected to the power supply section and



Part

C-6
C-7
C-8
-9
L-R1-1
PMP
P-1 to
P-80
R--1
R-2
R-3

R1-1

""Random "

Part
Description

Capacitor
Timing Capacitor
Capacitor
Capacitor

Latching Relay

Potentiometer Mount-

ing Panel

Potentiometers
Resistor
Resistor
Resistor

Relay

PARTS LIST 4

Time Interval Generator

Section

Specifications

80mfd. 350VDC
50mfd., 25VDC
10mfd. 25VDC
.05mfd. 4oovbo

DPDT
Shop made

100K Linear Taper
10KQ 1 watt
47KQ 2 watts

330 2 watts

10,000Q Plate Current

Manufacturer

Mallory
Mallory
Mallory
Cornell-Dublier

Guardian
Detail 4

Mailory

Guardian

Mfg.
Type

PF 128
TC 29
TC 22
PM 455

670G115

SU 41

200MS5
4PDT

7L



PARTS LIST 4 (Continued)

Part
Ho..

R1-2

S-%. 5S4
S-R1-1
S-A1-2
SR-2,84-3
7.1

TJ-1 to
TJ-3

To-~1

Part
Description

Relay

Switch

Stepping Relay

Silicon Rectifier

Electron Tube

Tip Jack

Tube Socket

Specifications

115VAC

SPST

40 Point

750ma 600VIC

7 Pin

Manufacturer

Guardian

Arrow=Hart and
Hegeman

Guardian

Texas Instruments

RCA

G-E Electronics

Elco

Mfg.
Type

500MS
4PDY

20994 -BF

IRPC
IN 547
2D21

Type 33-212
235PHSPDT

at
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provides 110 volt alternating current. ZLead D is connected
to the power supply section and serves as a common return
(ground) for all circuits. Lead E is connected to the
power supply section and furdishes 6.3 volts alternating
current to the tube to heat its cathode. Lead F is con-
nected to the power supply section and furnishes about 9.3
volts direct current to charge the timing capacitor (C-7)
in the resistance-capacitance timing circuit. Lead G is
connected to the output of the constant impulse section to
provide five stepping impulses per second to the resistance
stepping relays. The toggle switch (5-4) is provided to
pernit control of the resistance stepping relays so that a
fixed resistance circuit can be used if desired. Lead H
(ih the arrival simulator) or Lead I (in the service simu-
lator) provides impulses to the queue display section to
step the count whenever a service or an arrival occurs. A
means of controlling the output of the '""random' time inter-
val generator sections to prevent them from stepping the‘
queue count is provided in the tip Jjacks (TJ-28 in the
service simulator, and TJ-2A in the arrival generator).
This means can provide control either from another‘
- simulator (in an augmented queueing system) or any auxil-
iary devices; the input must come from a source connected to
the same power line as lead A in the power supply section.
Lead L (in the service éimulator only) is connected to the

service facllity empty contact of the queue display section
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counting relay to prevent a service from occurring when no
unit is in service. In the service simulator, current
from lead L would close the service cotrol relay (R1-28).
When this relay is closed, contact HS allows Curfent to
flow to lead J. Lead J is connected to the service facil-
ity empty light in the queue display sections. When the
service control relay (R1-25) is open, current flows
through contact HS to lead K. Lead K is connected to the
service facility occupied light (L-22) in the queue dis-
play section. Relay R1-1 provides an impulse source to
other units or equipment through a tip jack (TJ-3). A
means of externally stepping the queue count is provided
through a tip jack (TJ-1).

The "random' time interval generator operates as fol-
lows. Whenever the voltage across the control cépacitor
(C~7) falls below a certain level, the control tube (T-1)
will permit current to flow through contact E of the con-
trol relay (R1-2), if this relay is in its normally open
position, to the coil of the impulse relay (R1-1). The
capacitor (C-8) across the coil of this control relay
(R1-1) smooths the current flow to insure reliable relay
closure. When the impulse relay (R1-1) closes, it permits
current fo flow from lead F through contact C to recharge
the control capacitor (C-7) and cut off the flow of cur-
rent through the control tube (T-1)s it permits current to

flow from lead C through contact D to Td-3, through
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contact B to lead H or lead I to one of the stepping
relays in the queue display section to step the queue
count, and through contact A to step the latching relay
(L~R1-1) to switch stepping relays and resistor circuits.
When the control relay (R1-2) is open, as it normally is,
current flows from the control capacitor (C-=7) through its
contact F to contact the latching relay (L-R1-1) to be
directed to one of the banks of potentiometers to be dis-
sipated as heat to discharge the control capacitor (C-7).
The current to be dissipated, which flows through contact
J of the latching relay (L-Rl-1), will be directed by con-
tact arm of whichever one of the two stepping relays
(S-R1-1 or S=R1-2) that is stopped. This current will
then flow thrbugh a number of the potentiometers (thg num-
ber is determined by the location in which the stepping
 relay iS'stoppéd) to discharge the control capacitor (C=7).
During the time that the current flows through»oné stepping
relay and its corresponding potentiometers, thé'other
stepping relay is being stepped oy current from the con-
stant impulse section which is directed:to it through con-
tact I of the latching relay (L-Ri-1). Whenever the latching
relay (L-R1l-1) is energizedglit switches the control
capacitor discharge current tovthe stepping relay which
has Jjust previously been stepping and stops this relay
from stépping° It also starts stepping the stepping relay

which has just previously been controlling the capacitor
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discharge current. This switching action permits the sys-
tem to "randomly' select the number of potentiometers to
be in series in the resistance~capacitance circuit at any
given time. This in turn generates the random time inter-
vals between impulses,

The distribution of time intervals is determined by
the adjustment of the potentiometers. In the long run;
either of the stepping switches will stop at each of its
forty positions approximately the same number of times.
This provides a rectangular distribution as far as the
number of potentiometers in the circuit are involved. The
number of potentiometers 1s, of course; a discrete number.

Forty positions provide enough points to approximate
a continuous distribution for most purposes. One is able
to adjust the distribution of time interval lengths by
adjusting the various potentiometers. If potentiometer
number one is adjusted to yleld some desired time interval
and all other potentiometers are ad;justed to zero resist-
ance, then all time intervals will be very nearly the same.

Potentiometer number one should never be set to zero

resistance as this will cause a direct short across the
terminals of the control capacitor (C-7) and the direct
current portion of the power supply. If all potentiome~
ters are adjusted to the same resistance, then the differ-
ence between the time intervals generated by adjacent

potentiometers will be equal. In adjusting the
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potentiometers to generate a series of time intervals from
different times, one must remember that the current flows
through the potentiometers in series, and, therefore;‘that
one is constructing a cumulative distribution of resist-
ance and that the distribution of the stepping relay

contacts is rectangular.



CHAPTER III
CONSTRUCTION OF QUEUEING SIMULATOR

The components described in Chapter II may be assem-
bled into either of two different units. With one of the
"random' time interval sections, a "random" time interval
generator may be formed. This “random” time interval gen-
erator can be used to provide electrical impulses to trip
a motion camera to make a filmed work sampling study or to
indicate points for random sampling. The omission of the
two sections mentioned is the only difference between the
"random' time interval generator and thé‘queueing
similator.

The queueing simulator utilizes all of the.sections
desgribed‘in Chapter II and some additional hardwére (see
Parts List 5). It is wired as shown in Figure 5. It
should be nofed that the part number of each part in the
service simulator section is followed by an 8 and that the
part numbers of each part in the arrival simulator is fol-
lowed by an A.

The lead (L) from the service facility empty contact
(0) of the add and subtract relay (AS-Rl-1) in the queue

display section is connected to the service control relay

AN
aw)



C-3,C-t,
C-5

C-64 ,C-6S
C-74 ,C~78
C-84,C-88
CAB-1

CHA--1

L-1 to
L-20

. Part

Description

Add and Subtract

Relay

Capacitor
Capacitor

Storage
Capacitor

Capacitor

Power

Timing Capacitor

Capacitor

Cabinet

Chassis

Neon Lamps

PARTS LIST 5

Specification

40Pt. 115VAC

.05mfd. 400VDC
100mfd. 150VDC

JA47mfd. 600VDC
80mfd. 350VDC
50mfd. 25VDC
10mfd. 25VDC

127H x 14781
x 18"D

ZH x 13L x 17D

Clear

Queueing Simulator Parts List

Mfg,

Guardian

Cornell-
Dublier

Mallory

Mallory
Mallory
Malloxry
Mallory
Bud

Bud

Dialco

No. Regq.
for

Mfe. No. Simulator
12-RAS 1
PM455 3
TC493 1
PVCE0O47 3
PF128 2
TC29 2
TC22 2
WA—1544 1
AC-420 1

5240 x H

Type HO95 20

¢Z



PARTS LIST 5 (Continued)

Part
No.

L-21
=22

L-R1=-1
M-1

MS-1

PmiA Lo
P-80A
P-18 %o
P-805
Pi-1

R-14 ,R-1S
R-2A ;R-2S

R-3A R=3S

R1-14,
R1-18

R1-2A,
R1-25

Part
Description

Neon Lamp

Neon Lamp

Lateching Relay

Motor

Microswiteh

Potentiometers

Power Plug
Resistor
Resistor
Resistor

Plate Relay

Relay

Specification

Green
Red

DPDT
60RPM 115 60Cy
SPS4

100KQ 1linear
taper

2 wire Polarized
10KRQ1 Watt

H47KQ2 Watt

330Q 2 Watt
10,000Q, 4PDT

115VAC, 4PDT

Mfg,

Dialco

Diglcea

Guardian
Hurst

Miero Switch
Corp

Mallory

Cinch Jones

Guardisn

Guardian

Mfg. No.

5240 x H
Type 932

5240 x H
Type 991

670 6115
SM 60RPM
GRL-2

SU-41

P302-AB

200MB5

500MS

No. Reg. .

for .

Simulator

1

AV

NI A O TR AV

e



PARTS LIST 5 (Continued)

Part
No.

S-1

S“"2 9S=‘5A L3
S-35 ,S=44,
S-45,8-5

SR-1,SR-24
SR-28,
SR-34
SR-3S

S~R1-~1A
S-R1-15
S~-R1-2A
S~R1-23

T-U,T-18

TJ-1A to
TJ-3A
TJ-15 to
TJ-33

TR-1

TS~-1A,17S-1S

CD-1

MT-1

Description

Switch

Switch

Silicon Recti-
fier

Stepping Relay

Tube

Tip Jack

ransformer
Pube Socket
Cam Disk

Motor Mount

Specification

Mfg.

2DPT
SPST

750ma 600PIV

40Pt. 115VAC

7 Pin

6.3VAC3A
7 Pin
See Figure 17

See Figure 18

Cutter-Hammer
Arrow--Hart

and Hegeman

Texas Instru-
ments

Guardian

RCA

G-E Elec-
tronics

Stancor
Elco
Shop made

Shop made

Mfg. No.
8575 K8
20994 -BF

IN547

IR-PC

2D21

Type 33-212

P64ES
225 PHSPDT

No. Req.
for

Simulator

1
6

HoR

¢e



PARTS LIST 5 (Continued)

Part

No. Description opecification
SB~1 Support Bracket See Figure 20
PMP--1A Potentiometer See Figure 19
PMP-13 Mounting Panel

Mfg.
Shop made

Shop made

Mfg. No.

No. Regq.
for

Simulator

2
2

oc
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(R1-28) so that this relay will open and prevent a service
impulse from occurring whenever no unit 1s present for
servicing. This also provides current to flow through
lead (J) to light (L-21) to indicate that the service fa-
cility is not occupied. When the Ser§ice control relay
(R1-28) is not closed, current flows ﬁhrough lead (K) to
light (L-22) to indicate that the service facility is
occupied.

The power plug (P1-1) is of a polarized type to in-
sure that inputs to the unit through the various tip jacks
to either control the queue display section or either of
the simulator sections matches the polarity of the current
needed., It is intended that an external junction box will
be constructed which would connect to a standard wall out-
let (115AC) and provide as many leads as there are queueing
simulators to be interconnected. One should note that the
leads to the wvarious %tip jaéks can all be followed to a
common‘point (prong A of the power plug), and that any in-
“put to these jacks should come from the same line (or a
line connected to it), or that any output from these‘jacks
(TJ-34 or 38) should go to a line of like nature.

The line switches can be used to vary the operation
of the various components of the system. The power switch
(8~1) is simply the main ON-QFF switchjy; in the OFF posi-
tion it breaks both power lines to completely isolate the

unit. BSwitch (8-2) controls the common power line to the
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'add and subtract relay (AS~R1~1) and the diéplay lights in
the queue display section to deéCtivate the ‘queue display
section when the unit is being used to supply impulses to
either another unit or to some unit requiring randomly
timed impulses. The two S-3 switches (S-%A and S-3S) may
be used to prevent the latching relays (L-Rl1-1A and
L-R1-1S) from acting, and hence to prevent the normal
switching of the stepping relays (S-R1-1S, S-R1-2S,
S-R1-1A, and SsR1-2A). This will permit either the serv-
ice simulator section or the arrival simulator sections or
both to operate as constant time interval sections. How-
ever, even with this switch open, the stepping switch not
in circuit will continue to step. Switches (S-4A and S-48)
may be opened to break the common return line to prévent
this stepping action. If no random impﬁlées are ﬁéeded,
the constant impulse section can be turned off by opening
switch S-5. The use of these various switches will permit
a maximum flexibility and, at the same time, the operatidh
of only the necessary section components.

Figure 6 shows a completed simulator mounted in its
cabinet, with the queue display lights and some of the
control switches on the front panel. Figure 7 shows the
back of a completed simulator which has been removed from
its cabinet, with its front panel removed. To be noted is
the mounting of the stepping relays which are connected to

the potentiometers (two are inverted and hung from one of _
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Figure 6. Complete Simulator
i Mounted in
Cabinet

'igure 7. Back View of Simulator Figure 8.

Front View of Simulator
Removed From Cabinet

Removed From Cabinet
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the support brackets), and switches, tip jacks, and power
plug which are mounted on the chassis. Figure 8 shows the
front of a completed simulator which has been removed from
its cabinet, with its frontlpanel removed. Note the add
and subtract stepping relay which will have the leads to
the qgueue display lights connected to it and the cam disk
(with black tape on it) which is mounted on the motor
shaft (motor hidden) and on the motor mount. Also, to be
noted are the potentiometer mounting panels with the po-
tentiometers mounted on them. No chassis layout is pro-

vided due to the fact that the layout is not critical.
The detail drawings of the shop made parts are shown in

Appendix A,



CHAPTER IV
OUTPUT AND USE

The primary output of the queueing simulator de-
scribed previously is in the form of a visual display.
This display provides a means for students to '""observe”
the queueing system and to acquaint themselves with it.

By varying.the potentiometers to alter the arrival and
service parameters or by switching one random time inter-
val generator to produce cénstant time intervals, the
student can observe the effects on the system of various
parameter changes.

Provision is made through the various tip Jacks to
interconnect more ' than one unit so that the student can
observe the effects of multiple service channelsor arrival
channels.

An alternate form of output is provided by the tip
Jacks. This output is in the form of electrical impulses
from the positive (+) side of the power supply (110 VAC).
This output can be taken from either the arrival simulator
or the sefvice simulator and may be utilized in various
ways. It can be used to provide the input to an inventory

system simulator, used directly with a recorder to record

32
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a series of random time intervals, or it can be used to
trigger a camera for work sampling studies.

If an output other than 110 VAC is desired, a lead
connected directly to a power source of the desired char-
acteristics can be substituted for the lead congected to
relay éontact D of relay Rl1-1. The desired output will
then be available through TJ-3. Both 6 VAC and 6 VDC are
available from the power supply section (through leéds E

and F, respectively).



CHAPTER V
DATA CCOLLECTICHN AND MODIFICATIONG

Data used %o svaluate the performance characteristics
of the queueing simulator has been collected and recorded
in several different ways, two of which have been rejected
as being inadequate for this purpose

Initially, an eight millimeter home moticn picture
camera was used to photograph a clock whenever an elec-
trical impulse was genersted by the random time interwval
generator section being studied.

This arrangement was mzde possible by the use of a
solenoid to activate the camera., Positive fiim was used
and specially processed without splitting so that a stand-
ard motion and time study analysis projector could be
used to analyze the film. Figure 9 illustrates the film
which resulted from this procedure. The figures shows a
strip of film (actual size) and a section of "blown-up"
film.

It should be noted that only one random time interval

generator can be studied at a time. Also, this type of

o

clock is quite difficult to read with any degree of

accuracy.
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These inadequacies were partially overcome by the use
of a sixteen millimeter motion picture camera and by
nounting a stopwatch so that it could be photographed
along with the resistance circuit selection steppiling
relays.

The sixteen millimeter motion picture camera resulted
in larger, clearer negatives, information concerning both
random time interval generators, and more accurate time
interval data. Furthermore, it provided information as %o
the identity of the resistor circuilt which was responsible
for each time interval. Figure 10 i1llustrates film ex-
posed using this system. A camera was found to be capable
of operating independently, and, thus, could be used to
collect data while unattended.

This system was found to have some undesirable fea-
tures along with its desirable ones., One disadvantage was
that it was quite difficult to identify which section of a
random time interval generator was in operation. Another
was that a considerable delay was experienced in the prcc-
essing of the film. ©Still another was that even with the
best of equipment, taking data from film is a slcw and
laborious process; the time intervals could not be found
directly, but had to be calculated from the film data. In
addition to these disadvantages, this system did not per-
mit the collection of data concerning the condition of the

gqueuve which was generated.
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The use of photographs to collect data to be used to
study the performance characteristics was eventually re-
jected due to the above limitations and disadvantages.

It was eventually determined that the only data col-
lection system which was available to the author and which
would overcome the above limitations and disadvantages
while providing a permanent record of the desired data was
a system which would utilize a recording dynagraph. This
system would provide for the determination of time inter-
val length quite accurately, and it would provide for im-
mediate feedback of information. The only disadvantage of
this system was that it did not provide for a means for
the recording of information concerning the identity of
the resistor circuit which was responsible for the various
time intervals. However, this information could be re-
corded manually directly onto the dynagraph recording
paper as the time interval lengths were being recorded.

Two dynagraphs were available for use: (1) A two
channel recording dynagraph - A Brush Development Company
Type BL 202 - which was used for the first two tests per-
formed when information concerning time interval lengths
| and their corresponding resistor circuits was required,
and‘(2) an eight channel recording dynagraph - Offner
Type R - which was used for the third test performed, when
information concerning queue lengths was desired in addition

to the above information.
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Two modifications of the queueing simulator were re-
quired before the dynagraphs could be utilized. The ran-
dom time interval generator sections had to be modified so
that the voltage across the timingcapacitor could be re-
corded by the dynagraph to measure the time interval
length. This modification and the parts required for it
are shown in Figure 11. It should Ee noted that both ranQ
dom time interval sections were modified identically, and
that this modification simply required the addition of an
external plug so that the dyﬁagraph could be attached to
the systen.

The second modification was made to facilitate the
recording of the queue count, or rather a count of the
total number in the system - in service and waiting - and
was considerably more extensive than the first modifica-
tion, In fact, it required removing the original gueue
count section and installing a new section. The new or
modified queue count section is shown in Figure 12. The
materials required for the modified queue count section
are listed in Parts List 6.

Two persons were required to collect data concerning
the identities of the resistance circuits responsible for
the various time intervals - one to read the resistance
circuit identity directly from the simulator and one to
record this information onto the recording paper adjacent

to the time interval data recorded by the dynagraph.
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Part
No.

AB-R1-1

S-2,8-6

. C-4,C-5
C-10,C-11
C-12

C-13

C-14

C~-15

SR-4, SR-5,

SR-6

P-81

R4

Part

Description

Add and Subtract

Relay

Switch

Capacitor
Capacitor
Capacitor
Capacitor

Capacitor

Capacitor

Silicon Rectifier

Potentiometer

Resigtor

PARTS LIST ©

Modified Queue Count Section

Manufacturer

Specifications

40 PT 110VAC
SPST

47ufd 600VDC
.100mfd 150VDC
100vtd 150v.
. 1mfd 200VDC
2nfd 200VDC

100mfd 25 VDC

750ma 00 PIV

500 k& linesar
taper

1kQ 2 watt

Guardian
Arrow-Hart and
Hegeman
Mallory
Sprague
Sprague

Sprague

Sprague

Sprague

Texas Instruments

Mallory

IRC Carbon

Mfg.
Type

IR-RAS

20994 ~BF

PVC 6047
TVA-1420
TVA-1420
2IM-P10

118P~
2059252

TVA-1207

IM547
SU-50

SR-2

T



PARTS LIST 6 (Continued)

Part
No,

R-5
R-6
R-7 to R-45
R1-3
T-2

Female
Plug

Part
Description

Resistor
Resistor
Resistors
Relay, Plate

Electron Tube

Specifications

Manufacturer

270Q 1 watt
3,2MQ ¥ watt
9,1kQ % watt

10,000 &

To fit recording device

IRC Carbon
IRC Carbon
IRC Carbon
Guardian

G.E.

200MS , 4PDT
2D21

clr
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Figure 12. Modified Queue Count Section



Figure 13 provides a view of tyé.queueing simulator,
Offner Dynagraph, the author éﬁa his wife prapared to make
a data run. Figure 14 shows a pdrtion of a recording made
with the two channel recorder. The numbers which read
from the bottom of the page identify the particular resis-
tor circuit which was responsible for that particular time
interval. The U or D reveals whether the Up or Down sec-
tion was involved. The numbers, which read from the
sides, are the lengths of the various time intervals in
centimeters. This recorder was adjusted to have the re-
cording paper pass the recording pens at a rate of one
centimeter per second, so these numbers also give the
lengths of the time interval in seconds. The left portion
corresponds to the service section of the queueing simula-
tor, the right to the arrival. Figure 15 shows a portion
of a recording made with the Offner Dynagraph. This re-
corder was operated at the rate of .5 centimeters per
second; therefore, the lengths in centimeterg represent a
time interval of twice the corresponding magnitude.

The righthand channel records the number in the system,
which will be called queue length. Each step, it will be
noted, corresponds to the end of a time interval and indi-
cates the: occurrence of either a service or an arrival.

It will also be noted that when the gqueue count is zero,
the voltage recorded for the service channel does not

change. This is due to the fact that the service facility



Figure 13.

A Typical Data Recording
Session With the Offner
Dynagraph
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is empty and no unit is being serviced.
The numbers adjacent to the queue count recording
are the queue count and the length of duration of this

condition (centimeters).

48



CHAPTER VI
EVALUATION PROCEDURE AND DATA

The evaluation of the adequacy of the queueing system
simulator which has been developed was divided into three
phases. The first was to determine if the number of times
each resistor circuit is called upon to generate a time
interval is uniformly distributed (each resistor has an
equal probability of being called upon for each time
interval), and fo determine if a rechangular time interval
distribution can be generated by adjusting each resistor
to the same value.

The resistance required to yield a time interval ocne
centimeter long on the Brush Dynagraph was determined for
both the arrival section and the service section. These
two values were different. Then, each resistor was ad-
Jjusted to the value determined for its section using a
Simpson Model 260 Volt-Ohm meter. The results are shown
in Figures 21, 22, 23, and 24 (Appendix B).

The purpose of the second phase was to determine if
the two portions of a single section could te adjusted to
produce similar distributions, and, thus, demounstrate thatb

the distribution generated could be controlied. This phase wss
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erformed by adjusting a set of wvalues ir the upper set

f resistors in the arrivsl section. These resistors were

o

set by a trial amnd error procedure to produce a desirable
distributicn. After setting a resistor circuit, the gen-
erator wonld be adjusted to produce a series of constant

o 5

e R

s,

l..ie

time intervals from thi roult, Then, the intervais
would be measured and if necessary the resistors set again.

After the upper sat of resistors had been adjusted thusly,

the lower set was adjusted using the volt-ohm meter.
After the resistances of the lower set of resistors

were adjusted as closely as possible to the upper set, the
Brush Dynagraph was used to record the time interval lengths
generated. Figure 25 (Appendix B) shows this set of data.
The purpose of the third phase was to determine
whether predetermined distributions could be simulated and
to evaluate the operation of The queue count section.
This phase was designed to evaluate the entire queueing
system simulator. Exponential distributions with mean
tinmes of 1%.3 seconds and 10 seconds were selected for
gimulation. Using these mean times, times corresponding
to each 1.25 per cent increment of cumulative prebability

were calculated. These values were determined as follows

1. f(x) = peﬁux

2. f(x) was integrated tc yield F(t)
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= 1 = @
F(t) was set equal to O, .0125, .0250, .0375,
soegy 09875, 1,0000.

1

Defining X = o and using the value B = 075
and “s = .10, the various values of t were
calculated. For example, F(t) = .0125,
Bo= 0 10
1 - e M _ og7s
e’ - 1.0126582
Bt ~ 0126
t ~ .126.

The time for resistor circuit numbers 1 and 2 was

selected as the time corresponding to F(t)

cent of the cumulative distribution curve.

i

.025 or the

time corresponding to the mid-point of the first five per

Thereafter,

the time interval for each resistor circult was selected

as the sequential mid-points of sections 2.5 per cent wide

taken from the cumulative distribution curve.

Figure 29

(Appendix C) shows these mid-point times and the timeswhich .

correspond to the edges of the sections,

The resistance re-.

quired to produce each of the desired times was then devermined

using resistance~-time curves (Figure 16).

Data from the.

previous rnases, as well as supplementary data, was used to
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plot the resistance-time curves. It should be noted that
the curves for the two sections differ. It is expected
that the curves for all random time interval generators
will differ due to manufacturing tolerances of the compo-
nent parts. After the required resistance was determined
for each resistance circuit, the resistors were adjusted
using the ohm meter., Difficulty was experienced at this
point due to the fact that the resistors were rather
coarse and did not lend themselves to fine adjustmentss
also, some had a tendency to move slightly after they were
set.

Upon completion of "setting the distributions,'’ the
queue count section was added to the circuit and the
Offner dynagraph was attached. The data thus colleéted
and analyzed is shown in Figures 26, 27, and 28. Figure
26 (Appendix B) shows data concerning the individual parts
of the random time interval sections, giving the resistor
circuit numbers and the time interval lengths from the
corresponding resistor circuits. Figure 27 (Appendix B)
shows the queue count data providing a log of the various
time intervals that the queue (total number in the system)
was of various lengths and the total length of time that
the various lengths occurred. Figure 28 (Appendix B)
shows data compiled to test the hypothesis that the number
- of occurrences of each resistor circuit is rectangular.

It contains data concerning the number of occurrences

which was collected in an extended run.
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During the progress ¢f the third phase, some effects

on of the simulator. At

i

of wear were noted in the operatl
times, the resistance circuli stepping relays failed to

step properiy, the relay to swiitch from one stepping

ot

switch to the other failed to operste properly, and the
bl

queue count would either fall to zdd with the occurrence

of an arrival or else would subtract twe when a service
occurred. Thus, it was expected that the variance of the

time distributions would be large and that the mean queune

length would be low,.



CHAPTER VII
EVALUATION OF DATA

The data for the first phase of evaluation was used
to test the hypothesis that each resistor circuit would be
called upon to generate time intervals the same number of
times as any other, and to examine the lengths of the time
intervals thus generated to determine if the author had
been able to generate the desired rectangular distribution.

The data of Pigures 21 to 24 was used to calculate X2
(chi-square) values which were used as test statistics.

The chi-square critical value was determined by in-

terpolation of values given by Snedecor (3).

De%;:::gogf ¥ (ar,.05)
%0 4%.77
29
40 55.76

X% o o5 = 43.77 + 75 (55.76 - 43.77)
X2 59’.05 = 54'560

The hypothesis will be accepted if the test statistics are

less than this chi-square wvalue.

55



Caleulation of the testh

X2
Arrival Up 40,16
Arrival Down 52,88
Arrival (Combired) Section 40,56
Service Up 47 .57
Service Down 21 .08
Service (Combined) Sechion 36,50

Thus, one is abie to accept The hypothesis that the
number of %Times that each resistor c¢ircuii is called upon
is uniformiy distributed. The time interval lengths were

examined visually. It is obvious that the lengths do not

[
wla
o}

[l

agree with the circuit numbers, bubt it 1s also obviou
from Figures 21 to 24 that all values whizh resulted from
a given circuit do agree rather closely. In consideration
of this wvisual examination, it was felt that the time in-
terval lengths could be controlled and, thus, a desired
distribution be generated, but the setup could not be per-
formed by the method used in this phase of evaluation,.

The second phase of evaluation was performed toc con-
firm that a desired distribution could be generated, as
explained earlier (p. 49), oniy one random time interval
generator section was used for this phase.

The hypothesis thst two identical distributiocns could

e generated using the two parts of a random time interval

section was evaluated by comparing the mesns and variances of
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the time intervals gensrsisad.
Calculation of the means and variances of the data of

Figure 25 reveals them to be:

Mean Variance
Upper Part 31.35 156.85
Lower Part 31,67 155,88

No test was performed to compare these valiues, as
they are from an unknown distribution. However, it is
felt That the closeness of these values does indicate that
this bhypothesis is correct, At least, it reassursd the
author to the degree that the third phase of evaluation
was performed.

In the third phase of evaluation, the suthor attemph—
ed to test the hypotheses accepted in the first phase, as
well as evaluate a method of pre-estabiishing a desired
distribution and simultaneously evaluate the complete systemn.

The first hypothesis tested in the third phase of
evaluation was the hypothesis accepted in the first phase
""each resistor circuit would be called upon to generats
time intervals the same number of times as all other re-
sistance circuits."” Calculation of the chi-square test

statistic for each of the individual parts and the two

w0

ections from the pertinent data shown in Figure 28 reveals

the statistics to Te:

X2
Arrival Up 48,78
Arrival Down 47,53

Arrival (Comtined) 48.05
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oy 2
Service Up 22.63
Service Down 29.87
Service (Combined) 25.12

Comparison of these values with the critical wvalue of chi
2 . = . - -: fo
square E((39,°05) 54 56] determined in the first test
again permits the acceptance of this hypothesis.
The second hypothesis tested in this phase of evalua-
tion was the hypothesis that it was possible to generate

distributions defermined in advance. As previously stated,
..,-g;/
)

x

the distributions selected were exponential (f£(t,x) =2
with event rates of 1i/x = .075 and .10,

This hypothesis was tested by using maximum-..
likelihood estimators as suggested by Mood (1).

The Maximum-likelihood estimators Cﬂl, > s
cessy ®,.) for parameters of a density func-
tion f(x3 6, 6,4 «++, 6k ) from samples of
size n are for large samples approximately
distributed by the multi-variate normal
distribution with means 6,,60,, ..., 6, and
with coefficient || noiJH in the quadratlc
form when

01-1 =—E[mjlog f(XJg 1 9. ez, o6 09 ek)'

The variances and covariances of the esti-

‘mators. are || $o,, || where |lo,4 || = |lot¥||7.
-t
In this case, f(t,x) = %e /x
t
log f(t,x) = log T - %
a 1.t
=~ log f{t,x) = - S+

}_—l
o
@
F
I
ot
J
I
P
|
A

dx
32
dx?
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= 1 25
= B - )
1,2 ,
= o- 3z + ;}' E(T) where E(T) = X
1
= '5('2"»
; 11 -1

Now Woyq b = W™l
o oyl = 2
and H:%lu = %; which is the variance.

S0, the standard deviation of the maximum likelihood esti-

mate 0= is ==. Also from Mood (1):

= ' 7E =
If (X35 X 5 oses X,5» 8 is the density func-
tion for a random sample of size n drawn from
a population with an unknown parameter €, then
the maximum likelihood estimator of 8 is the
numggr fk:if it exists such that f(x, , Xp g eeey
X,39) > f(x15 Xp 9 eeey X, 0) where 68’ is any
other possible value of 6.

To find x, the likelihood estimator, (log = f(tf x) will

i=1
be maximized.

i=1
n
= n log /x- izlti
X
dL _ _ 8, ZI%
dx x T X
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Setting aL _ 0
dx
Lty o
= ,
% _ Eti
= —==.

Referring to Figure 26 for the various values of n, confi-

dence limits can be found to use in evaluating the data.

& - - B o

a = o% =R X ch X+ 30’X

Arrival Up 446 .075 6313 11.44 15.28
Arrival Down 449,075 L6307  1l.44  15.28

Arrival Combined 893 .075 L4462 11.99 14.67
Service Up . - 457 .10 L4677 8.59 11.40
Service_qunv 'Q5O .10 ?4715‘ ‘8.58.'_11.41
Service Combined 907 .10  .3320 1 9.00  11.00

zt, '
Calculation of —Ei for the relevant data of Figure 26

yields the following values for &

2
Arrival Up | 12.350
Arrivél Down _ 14.118
Arrival Combined 13.263%
Service Up 10.076
Service Down 10.036

. Service Combined 109056.
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Thus, one may accept the hypothesis that it is possible to
generate time interval distributions with predetermined
distributions and parameters.

In passing, one also notes that the standard devia-
tions, which for the exponential distribution should equal
the mean, (shown below) of this data also falls within the
above limits:

Standard Deviation

o
Arrival Up 12.06
Arrival Down 13.28
Arrival Combined 12.80
Service Up 8.84
Service Down ‘ "10.00
Service Combined , 9.94.

Thus, there is an indication that the standard deviations
are not significantly different from the desired means,
and that the researcher has succeeded in generating expo-
nential distributions with mean times of 10 and 13.33
seconds. ;

Further Qalculations show the“two sigmé‘limits for

the maximum likelihood estimator to be

X-20y = X+ 203
Arrival Up 12.07 14 .60
Arrival Down 12.07 14.60
Arrival Combined 12.44 14,22

Service Up 9.06 10.94



N
N

X - 2G K+ 0=
X %

Service Down Q.06 10,94
Service Combined 9. 34 1C.066

When the means and standard deviations ars compared
to these tighter limits tha%t of the twelve values listed
above only Htwe fall beyond them,

The final portion of the third phase of evaluation

involves examining the gqueue which was generated. The

Jde

probability of a simple queuwe with exponential arrivals

jav}

and services such as the cne simulated teing in any state

mn

n is given by Morse (2) %o be

X

B ere p o o8

P = PP where p= g
p
X,, X, = means

S0

f(n) = (1 - p)PR P =1 «p

The maximum likelihood estimator will be found as before:

n
L = log :H-f(Xi’p) . +x, = Number in system
I=1 : 1
n pX,
= log = (1 -p) ~
i=1
n in
= % log(l - ple
i=1

= n loghl - p) + Tx;logp
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n = Total number time of unit

time periods.

n zxi
7p<
X,
- i
n+ Bxi

"l
|

¢

This researcher proceeds in a manner similar to his
previous procedure to determine the distribution of this

statistic:

ci'j = —E[a-é-il;—ea log f(x, 0,6, .)]
o = -E[d%r log (1 - p)px]
-2l G - el

- 53 - 7]

B, o 1
- P a-e2
where |
E(x) =Z x, (1- op i
i=1

= (1-pP)(p+20% +3p3 + eee +0P # .00

E(x)(-i-%——’;) = p+2p° +Bp3 PO Y-t



E(X)(':-L-'_%g) P2 +2p% +2p% + ... (n-1)p"+ ...

E(X) =P +P2 +P3 + ... +F 4+ ..,
PE(x) = p%2 +p3 +p* + ... ot
o)
E(X) =1—:—5
Thus
" _ - P 1
eI *Ta-e7
_ 1
= p(1- P%
and .
=1
Hou || = Jlo” |
S0

where n = number of observations of unit length, or

. P
o =Q -P)'E
For this distribution

.075 . 10.00
P= 3066 °T 133335 = 72

(1-.75) 73§§%?73' n from Figure 27

.00282.

Q
o)
"
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The %0 confidence limits (p2 Bcp) are now found to be

.75 £ ,00846 or .74154 and .75846, while

e 17055.8
T n + in” 17055.8 + 5950.78

i

C7U4134

Thus, it is found that the hypothesis in thié last test
must be rejected. It must be noted, however, that this
low value was expected due to the occasional malfunction
of the worn add and subtract relay in the queue count

section which was mentioned on page 54.



CHAPTER VIII
CONCLUSIONS

It is concluded from the results of the foregoing
tests; that the random time interval sections do utilize
each resistor circuit approximately the same number of
‘times in generating a set of time intervals. Furthermore;
it is concluded that the lengths of the time intervals re-
sulting from these resistor circuits can be controlled.
Hence, it is concluded that this system can be used to
generate time intervals from any desired distribution.
This ability was demonstrated for three distributions.

- Even though the attempt to simulate a qﬁeuevof pre-
dictable characteristics failed, it is felt that this
failure was due to the failure, due to wear, of a partic-
ular part rather than a failure of the total system.
Therefore, it is felt that the total system has been
demonstrated to be capable of simulating simple queues in
its present form.

The device makes available a means of examining
gueues with "exodit" (other than exponential based) queues
without the necéssity of using digital computers as simu-

lation devicesy; additionally, it can be used to simulate
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many types of '""Monte Carlo' problems, inventory problems,
production control problems, manufacturing lines; and
materials handling problems.

It has, in another study, proved useful in examining
the spacing of the empty service fagility occurrences due
to its data printout form.

This device makes available to the classroom a means
of simulating and observing and studying Monte Carlo sit-
uations without haﬁing to resort to the time consuming
procedure of observing industrial situations or the labo-~
rious procedures involved in hand simulation.

The simulator will permit the student to control
various statistical parameters such as the arrival and
service distributions of queues, in order to experience
the effects of these changes. By cqﬁﬁécting-tWo or more
units, complex situations may be demonstrated and studied
to show or study the effects of pérallel or series systems.

The random time interval ﬁnits alone can be used in-
dividually to serve as the timing unit for motion pictures
to be used for work sampling studies. They may also be
used to time quality control samples. For that matter,
they can be used whenever a series of random time inter-
vals are desired. The only limits on the time intervals
and distributions are limits imposed by the sizes of the
resistors and number of resistor circuits. These limits
can be overcome if necessary by the design of a special

unit.
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The existing units can be improved in several ways it
is felt. Likely, the mbst drastic improvement would be to
redesign the entire system to use solid state components
rather than tubes and relays. This would overcome the
component reliability problem which was encountered near
the end of the testing as well as'greatly reducing the
noise level. A much less drastic change, which it is felt
would be of considerable benefit, would be to replace
relay R1-1 with a single pole single throw relay of the
same size and type, and use this new relay to control a
110 volt a.c. relay which would control the circuits which
R1-1 now controls. This change would insure the positive
action of the various circuits controlled at the present
by Rl-1. ©Several advantages could also be gained by con-
structing three separate units, two random time interval
generator units and a queue count unit, rather than a
single system such as was constructed and is shown in the
present design. This would provide the advantages 6f
remote operation of the random time interval generators,
and would also permit the operation of only those compo-
nents needed at a particular time,

The process of setting up a distribution and adjust-
ing the potentiometer to the desired values is at the pres-
enﬁ time a very laborious and time consuming procedure.

It is felt that this difficulty can be partially overcome
by the use of logarithmitally tapered potentiometers in

the resistance circuits rather than the presently used
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uniformly tapered ones and then by the use of a wheatstone
bridge rather than a standard ohm meter to determine the
resistance. The process will still be slow and time con-
suming, but not as slow as with the present system.

This research and development should be continued to
devise means of utilizing the present system to simulate
more complex systems and to use it as a tool to investi-

gate systems and system phenomena which cannot be readily:

investigated by other means.
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Resistor
Circuit Tlme Intervals Mean
Number : (Bec) Time
1 1I,1,1, 1,1, 1, 1, 1, 1, 1, 1 . 1.0
2 2y 29 249 24 24 24 24 24 2 2.0
5 59 59 349 By 5.0
4 G4y 4, 4, 4, 4, 4, 4, 4y 4y 4, 4 4.0
5 5, 5y 5y 55 55 55 55 59 55 54 54 55 5 5.0
-6 6, 6, 6, 6, 6, 6 6.0
"/ Vs Pe Do 7o Vs 79 75 79 79 7e 7 7.0
8 g, 8, &, 8, 8, 8, 8, 8, 8, 8 8.0
9 9, 9, 9, 9, 9, 9%, 9, 9% 9.2
10 10, 10, 10, 10, 10, 1O 10, 10 10.0
11 11, 11, 11, 21, 11, 11, 11, 11, 11, 11,
11, 11, 11 11.0
12 12, 12, 12, 12, 12, 12, 12, 12, 12, 12,
12 12.0
15 13, 13, 13, 13, 13, 13 13.0
14 14, 14, 14, 14, 14, 153 14.2
15 15, 15, 15 15.0
16 i5, 15%, 16, 16, 16, 16, 16, 15, 16, 15,
169 16 15.7
17 16+, 18, 17, 16, 16 16.7
18 17, 1729 18, 17, 18%, 17, 18, 17, 18, 18,
18, 18, 18 17.8
19 18, 18, 19, 18, 19 18. 4
20 19%9 199 18, 20 20, 199 19, 19 19.3%
21 20%, 20, 19, 20, 21, 20%, 20, 20, 20%,
20, 20, 20, 20, 20, 21 20.0
22 21, 21, 21, 22, 21, 213, 21, 21, 21, 21,
_ 21, 21, 21, 21 . 21.1
23 22, 22, 22, 22, 21%, 22, 22, 22, 22, 213,
22 21.9
24 2%z, 21, 22, 23, 2%, 24, 22, 23, 23, 22% 22,7
25 24, 2%z, 24, 24, 24, 24%, 2%, 24, 23, 24,
24 23%.7
26 25, 24, 24, 23, 25, 24, 25, 24, 25 24.3
27 259 25?3 259 25%9 26 259 25’2‘9 26 25,
25, 25 25.3
28 26, 26, 27, 26%, 26, 26 26.2
29 27, 27, 268, 25, 26, 27, 27, 27, 26, 27 26,7
30 28, 28, 28, 29, 28, 28 28.1
31 28% , 28 28%, 29, 29, 30, 28, 29, 29 28.8
32 29%, 29, 29, 29, 30, 30, 30 29.5
3% 30, 31, 30%, 30, 30, BO%, 20, 30%, 30,
31, 20 20+ 5
24

Figufe 21.

30, 31, 31, 31, 31%

Uniform Distribution Data - Arrival Up



Resgistor
Circuit Mean
Number Time Intervals Time
35 31, 31, 32, 32, 33, 30, 33, 33, 32, 32,
31, 32 31.8
56 529 ’52%9 519 52%9 52% 5201
37 33%&, 34, 32, 34, 34, 33, 33, 32&, 33, 33 33.2
38 34+, 33, 35, 33%F, 34, 33 33.8
39 25, 34, 35, 35, 34%, 35, 35, 35 4.8
40 %6, 35, 35, 35, 35, 35%, 36, 37, 37%,
35%, 36, %6, 35 35.7

Figure 21. (Continued)
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Resistor
Circuit Time Intervals Mean
Number . (Sec.) Time
1 1, 1,1, 1,1, 1,1,1,1 1.0
2 2, 2,2, 2,2,2,2,2,2 °~ 2.0
3 3y 39 3y 349 55 B35 55 3, 35 3, 3 3.0
4 G, 4, 4, 4, 4, 4, 4, 4,4 4,0
5 5+ 5+ 5, 5y 5, 55 55 5, 5, 5 5.0
6 6, 6, 6, 6, 6, 6, 6, 6, 6, 6 6.0
7 Ty 79 7o Ts 7y 79 7y 79 75 7 7.0
8 8, 8,8, 8,8, 8, 8 8, 8 8.0
9 9, 9,9, 9, 9, 9, 9 9.0
10 10, 10, 10 10.0
11 11, 11, 11, 11, 11, 11, 11, 11, 11, 11,
11, 11, 11, 11 11.0
12 12%, 12, 12, 12, 12, 11, 12 12.0
13 13, 1%, 13, 13, 1%, 13, 13, 13 13.0
14 138, 1%%, 13%, 14, 14 13.7
15 15, 15, 15, 15, 15, 15, 15, 144, 15,
15, 15 15.0
16 16, 16, 16, 15%, 16, 16, 16, 16, 16,
17, 16, 16, 16, 15%, 16, 16 16.0
17 17, 16, 16, 17, 17, 17, 17, 17, 16%,
165, 17 16.7
18 18, 17, 18, 17, 17, 18 : 17.5
19 18, 18, 18, 19, 20, 18, 18%, 19, 18,
18, 19, 18, 18 18 .4
20 19, 19, 19, 19, 19 -19.0
21 20, 20, 21, 20 20.%
22 21, 21, 20%, 22, 21, 20, 21, 21 20.9
23 21%, 22, 21, 22, 22, 22, 22, 2%, 21%,
22, 22 21.9
o4 22, 22%, 2%, 22, 24, 23, 22, 23, 23,
22%, 23, 22, 22 22.5
25 23, 24, 2%, 24, 23%, 24, 24, 24, 24,
2%, 24, 231, 2% 2%.6
26 o, 24, 24E, 24, 24, 24, 25, 243 24,3
27 25, 26, 25%, 25, 25, 27, 24, 26 25.4
28 26, 25, 26, 26, 26, 26%, 26, 26, 26, 26 26.0
29 26, 27, 25, 27, 26, 27, 27, 27, 26%, 27%,
27, 26% : 26.6
30 28, 27, 27, 27, 28, 28, 28, 28%, 28, 28 27.8
31 28, 28%, 28%, 28, 28 28,2
22 29, 298, 295, 29, 30, 29 29.3
33 30, 30, 30, 30, 30, 30, 31 30.1
34 31%, %0, 31, %0%, 31, 31, 31, 31, 31, 30 30.8

35 21, 31, 21, 31, 21 31.0

Figure 22. Uniform Distribution Data - Arrival Down



79

Resistor

Circuit Time Intervals Mean

Number (Sec.) Time
36 31, %2, 32, %2, 36, 33, 3%, 32, 34, 32 32.7
57 29%, 33, 34, 35, 33, 3%, 33, 33 32,9
28 34, 34, 34, 35, 34%, 34, 34, 35, 22 24,1
39 35, 34, 25, 35, 35, 34, 35, z4%, 34% 34.7
40 34%, 35, 35%, 36, 35, 37, 36, 35, 35, 36 35.5

Figure 22.

(Continued)



80

Resistor
Circuit Time Intervals Mean
Nunmber (Sec) Time
1 1, 1, 1, 1, 1, 1 1.0
2 2,2, 2,3, 2,2,2,2,2,2,2,2,2 2.0
3 39 3y 34 54 3, 3 3.0
I G, b4, by, 4, 4, 4, 4, 4 4.0
5 5, 55 5, 5, 5%, 4%, 5, 5 5.0
6 5, 5, 6, 6, 6, 6 5.7
7 Ve 7o 7s 7 7 7.0
8 8, 7%, 8,8, 7,8, 8,8,8,8,8,8, 88,8 7.9
9 8%, 9, 10, 8%, 9, 9 9, 9, 8%, 8p, 10 9 9.0
10 9, 9%, 9, 9%, 9, 1 9.3
11 10, 10, 10% 10.2
12 11%, 11, 11, 11, 11, 11, 11, 11, 11, 12 11.2
1% 12, 12, 12, 11, 13, 12, 12, 12, 12, 12,
12 12.0
14 13, 13, 13, 13, 14%, 13, 13, 13, 13, 13,
1% 13.2
15 133, 14, 14, 14, 14, 15, 14, 14 14.1
16 15, 16, 14%, 15, 15, 16, 15, 15, 15% 15.2
17 16, 16, 15, 15% 15.6
18 16, 16, 16, 17 16.2
19 17, 17%, 18, 17, 17, 18, 17, 17, 17 17.3
20 18, 18%, 18, 19, 18, 18, 16%, 18%, 18,
18, 19 18.1
21 20%, 21, 19, 20, 19 19.9
22 21, 19, 19%, 20, 19%, 21, 20, 20, 20, 21} 20.2
0% 21%, 20, 21, 21, 20, 20%9 20%, 2o 21,
20%&, 22 20.6
Tt °1%, 21, 22, 21, 21, 22, 22, 21 21.4
25 - 22, 22, 00% . 21%, 22, 23, 22, 22%, 23 22.%
26 253 253 259 2539 25‘%9 25 2502
Py, oL, 2, 24, 27, 26, 24, 24 ol 7
28 24%, 25, 27, Ug, 259 25, 25, 25, 24% 25.1
29 25, 26, 26, 25, 25, 25, 25%, 25%, 26, 26 25.5
20 26, 27, 26, 29, 26%, 26 26.8
31 27, 27, 27, 27, 26, 28, 27, 27, 26, 26 26.8
z0 258, 28, 28, 28, 50 28 29, 27%, 28 28.0
3% 29, 27, %0, 31, 31, 29, 28, 28, 29, 29,
28, 29, 28 28,9
34 29, 30, 29, 30, 30, 29%, 29, 29%, 29 29.4
35 31, 29%, 30, 30, 31, 30%, 33, 30, 30, 30,
30, 20, 30% 30,4
56 513 50 50 31, 519 50'53 52 54 54‘ 519
21, 31%, 31, 29 31.1
37 358,755,758 310 32, mip, sua, 2, 32 31.7
38 52 32, 32, 32, 36, 33, 52 52 33 32.7

Figure 23.

Uniform Distribution Data -~ Service Down
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Resistor
Circuit Mean
Number Service Down Time
39 3%, 33%, 33, 33, 33, 33 , %5.1
40 34, 34, 34, 34, 2, 33, 33, 23k, 23,
33, 34, 34, 34, 34 3%.7

Figure 23. (Continued)
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Resistor
Circuit Time Intervals Mean
Number (Sec) Time

1 1,1, 1,1, 1, 1, 1, 1 1.0
2 2y 2y 24 2, 2, 24 24 2 2.0
3 2y 39 5y 34 3 3.0
4 G4y 4, 4y, 4, 4y 4, 4, 4 4.0
5 5, 55 59 55 55 55 55 55 55 55 55 55 5y 5,

5, 5 5.0
6 6, 6, 6, 58, 6, 6, 6, 6, 6 5.9
7 79 ©9 8y 79 79 79 79 79 75 7 7.0
8 8, 8, 8, 8, 8, 8, 7%, ;, 8 7.8
9 9, 95 9, 8, 8, 9, 99 8%, 9, 93 8%9 8% 8.7
10 10, 9, 9, 9, 9, 9, 9%, 9%, 10, 10, 9, 9%,

10, 10, 9% 9.38
11 11, 103 ‘ 10.7
12 11, 13, 11, 11, 11+, 11 11.4
13 12, 12, 12, 12, 1%, 12, 12, 12, 123 12.2
14 1%%, 13, 13, 13, 13, 14, 13, 13 13.2
15 14, 14, 14 14.0
16 15, 15, 15 15.0
17 16, 16, 16, 16, 18, 18, 16 16.6
18 16, 1lex, 17, 15, 17, 16, 16%, 17, 17 16.4
19 18, 18, 17, 18, 19, 17, 17, 18 17.7
20 18%, 18, 18, 19, 18%, 18%, 19, 19, 20, 18,

18%, 18 18.6
2l 20, 19, 19, 193, 19, 19, 19 19.2
22 20, 21, 21, 194, 20 20.3
23 21, 21, 21, 20, 21%, 21, 21, 21, 21 20.9
24 23, 22, 22, 21, 22, 25, 22, 22, 22, 22,

22, 22, 22 22.2
25 2%%, 23, 2%, 25, 22, 23%, 2%, 23, 2%, 23 2%.2
26 2%, 24, 23, 24, 26, 26, 24, 24, 24, 24,

2%, 24 24,1
27 4%, 24, 25, 25, 25, 24, 28, 25, 24, 25 25.0
28 25, 25, 25, 26, 25, 25%, 25, 28, 25%,

25, 26, 25 25.53
29 25, 25, 25%, 26, 26, 25, 26, 25, 27 25.81
30 27, 27, 261, 27%, 6%, 28, 27, 26, 26%,

275 275 275 275 275 27, 20 26.9
21 28, 28, 28, 28, 28, 27%, 28, 27 27.8
32 29, 28, 28, 29, 28, 28, 29 28 . 4
33 29, 29, 28%, 29, 29, 29, 30, 30, 29 29.2
34 29, 30, 30, 30, 29, 30, 30%, 30 ‘ 29.8
35 30%, 31, 30, 31, 31, 31% 30.8

Figure 24. Uniform Distribution Data - Service Up
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Resistor

Circuit Time Intervals Mean
Number (Sec) Time
36 31, 30, 31, 32, 32, 31 31.2
37 32, 31, 31l%, 32, 32, 33, 33 32.1
38 3%, %%%, 34, 32%, 32, 33, 33, 33, 33,
33%, 33, 34, 3%, 33, 33 35.1
39 33, 34, 33, 34, 33, 34, 34 33.6
40 34, 33%, 25, 35, 37, 34, 34 34.6

Figure 24. (Continued)
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Resistor.
Circuit
No. Time Intervals
1 1.2, 1.2, 1.2, 1.2, 1.6, 1.6
2 &, 8, 8, 8, 8, 8, &8 .
3 12.8, 12.8, 12.8, 12.8, 12.8, 12.8, 12.4, 12.8,
12.4, 12, 12.8, 12.4 - '
i 12.8, 12.8, 12.8, 12.8, 12.8, 12.4, 12.8, 12.8,
12.8, 12.4, 12.8, 12.4, 12.8, 12.8
5 17.2, 16.8, 16.8, 16.8, 16.8, 16.8
6 16.8, 16.8, 16.8, 16.8, 17.2, 16.8
7 20, 20.4, 20.8, 21,2, 20.8, 21.6, 20.8, 20.8,
20.8, 20.8, 20, 20 ‘
8 20.8, 20.4, 20.8, 19.6, 20.8, 20.8, 20.8
9 20.8, 21.6, 20.8, 20.8, 20, 20.8, 21.2, 20.8,
20.8, 21.6, 20.8, 20.8
10 21.6, 20.8, 20.8, 20.8, 20.8, 20.8, 20.4
11 DUt 4.8, 24.8, 25.2, 25.6, 24.8, 25.6, 2U .k,
DU.8. DL.8. 25.2. 2, 25, oh.g |
12 25.6. 05.0. 06, 25.6., 20.2, 2h.l, 25.2, @4 |
13 25.6, 24.8, 25.6, 25.2, 24 .8, 24, 4 2404, 25.2,
25,2, ok .
14 25.2, 24.8
15 28.8, 30, 29.2, 29.6, 29.6, 29.6, 28.8,,28.8,
284, 28.4, 28.8, 28, 28.8, 28, 28
16 29.6, 28.8, 28.8, 28.8, 28
17 28.8 . :
18 | 29.6, 29.6, 28.4, 28.8, 28.8, 28, 28.4, 28.8
19 _7/’2~8’ 529 3‘29 ,7)29 523 ?71-23 523 52183 31067 52-4
20 22.8, 32.4, 3%,2, %2, 3.4, 31.6, 32, 32, 30.8
21 22.8, 32.8, 32.8, 3l.2, 30.4, %22, 30
02 30, 20.8, 2.4, Z1.6, #1.2
2% 35.2, 2D.6, 306, -ty B o »
24 26, 24, 42, BA.4, B4, 34,8, 3.8, 74, 35,6,
4.8, 35.2
25 36, %6, 3.4, 35.2, 34.8, 34
26 )63 55-29 35.6, Z"q's 7/' 8, 55 ? 34
27 39.2, 29.2, 39.2, 38, 39.2
o8 37.6, L0, 39.2,‘Z8.u, 2.6, 384, 37.6, 28, 38
29 40, 78.4, 38.4, 38.8, 28, 28,8
%0 5902’ Z29.6, 40, %8.8, 38.4, 8., .38-49 38.4, 38,
27.64 37.2
31 LO.8, 42, 473.2,:01.6, 42.8, 42.8
32 43,6, 4%.6, 44, 45,6, 40.8, 43.6, 42, 40.4, 40.4
%3 4.8 uiy, 42, 42, 41.6, 42, 81,2, 43.2, 4%.2
2| na Lu . 476, 42, 41,6, 42, 42, 42.8, 42, 41.6,
42. 8 42, 8 42.8 ' :
25 B8, 48, L7.6, 47,0, HE6.0, 46.4, 46, 46.4, 45.6,
4%.6. 46, 47.2
36 LB, 48, 46, 46.4, 461, 46,0, 46,4, 448, 47,2,

45.6, 46, 46.8, 47.2, 46, 45

Figure 25. BSimilar Distribution Data
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Resistor
Circuit :
No. Time Intervals
3" 52, 49.6, 50.4, 50.4, 50.8
28 50.8, 52, 50.8, 50, 50, 48.8, 49.2, 48, 50, )4 4
39 SH.4, 54, 52, 52, 52, )2 8, 52
40 57.6, 59.6, 57.2, 56.8, )6, 57.6
Lower Section
1 1.6, 1.2, 1.2, 1.6, 1.6
2 8, 8, 8, &, 8, 8, 8, &, 8, 8, 7.6, 8
% /%%.g, 12.8, 13.2, 12.8, 12.8, 12.8, 12.84 12.8,
4 12.8, 12.8, 12.8 .
5 17.2, 17.2, 17.2, 1l6.4, 16.8, 16.8, 17.2, 16.8,
16.8, 16.8, 16.8, 16
$ 16.8, 17.2, 16.8, 16.8, 16.8, 16.8
7 20.4, 20.4, 2l.2, 20.8, 20.4, 22, 20.4, 20
8 20.8, 21.2, Ll 2, 20, 20.4, 20.4, 20.8, 21.2, 20
-9 20, )l 6, 21.2, 20.4, 20. 8 20.4, 20.8, 20.8,
20.8, 20.8, 20, 20.8, 20.4
10 20.8, 21.2, 20.4, 21.2, 20.4, 20.8, 21.2, 21.2,
19.6, 21.2, 20.8
11 25.6, 25.2, 24.8, 25.6, 24.8, 24.8, 24.8
12 %g.%, 52.6, 25.6, 25.2, 25.6, 24.8, 24.8, 25.6,
13 25.2, 25.6, 26, 25.2, 25.6, 26, 24.8, 25.2, 25.2,
25.6, 25.6, 26 '
14 25.6, 26, 25.6, 25.6, 25.6, 25.2
15 29.6, 28.8, 28.8, 28, 28.8, 28.8, -28.8, 29.8, 28
16 29.6, 29.6, 28.8, 27.6, 28, 28.8, 28.8, 28.8,
28, 28
17 29.6, 29.2, 29.6, 29.2, 28.8, 28.4, 28, 27.6,
27.6, 29.6, 20.2, 28 ' :
18 28.8, 29.2, 28.4, 28.8, 28, 28
19 22, 32.4, %2, 32.4, %2, 30.8, 32, Z2.4, 32.4, %2
20 32.8, 32.8, 32, 32, 32, 32.4, %0.8, 20
21 52, 31.6, 31.6, 32, 31
22 31.6, 32, 20.8, %21.2, 32.4, 30.8
2% 35.6, %6, %6, 35.6, 35.2, B4 .4, R4.4, A6, 35,6
24 55 2, ZA" 36 .4 56~43 563 35-23 7’43 ‘54 /'1’3 267
55-6, 563 543 54~4‘ o 7
25 22,254.8, 30, 4.8, 4.8, ZH, 3, 3.4, 25,6,
26 5.2, 4.8, 35.6, 35.6
27 ) ,7)8°4'3 587 59-23 59-2
28 40, %9.2, 38.8
29 40, 40, 40, 39.6, 40, 38, 38, 38
Figure 25. (Continued)
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Down Section

Resistor
Circuit
No. : Time Intervals
20 39.6, %39.6, %9.6, 40, 40, 38.8, %9.2, 38.4, 38.8,
38,8, 38.4, 38.4, 37.6
21 hz,2, 43,6, 42, 41,6, 42,4, 41,2
20 43,6, 4L, 4, 42, 41,6, 42, 42,8, 41
) 4%2.6, 43.6, 43,6, 42, 42.8, 42, 42, 42, 40.4,
' 43,2
24 47.6, 42,8, 42, 42, 4%.2, 424
25 47.6, 47.6, 46, 46.8, 51.2, 46, 46, 45.2, 46,
| AL,8, 45,2, 47.2, 45,2 45
%6 48.8, 46, 46, 46.4, 47.2, 46.8, 46.8, 45.6
377 51.2, 49.6, 48.8, 48.8, 50, 50, 54.8, 48.4
28 50.4, 48.8, 49.2, 50, 48.4, 50, 50, 52, 48
39 52, 52.4, 54.8, 54.4, 54, 54, S54.4, 54, 52
40 0.8, 58, 59.6, 58.8, 58, 57.2, 58, 57.2, 60

Figure 25. (Continued)
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Service Channel
Section Up
Date 9-25-65
Time __P. M.

Resistor
Circuit
No. Time Intervals
1. .18, .18, .20, .20, .22, .20, .18, .20, .18, .16
2. 15.7, 16.2, 16.5, 16.5, 16.9, 16.65, 16.2, 16.72,
17.15, 16.38, 16.3%5 :
LR 032y <30, .32, H40,.34, .22, .32, .30, .32
4, 11.7, 12.0, 12.55, 12.0, 12.20, 12.15, 11.9,
12.20, 12.15, 12.71, 12.6, 11.72, 11.6, 12.35
5. .70, .65, ,60, .60, .62, .70, .62, .70, .65,
.65, .60, .65 .
6. 9.4, 10.3, 9.25, 9.38, 9.6, 10.0, 10.15, 9.25,
9.5, 9.78, 9.9, 9.95, 9.6, 9.76, 9.85, 9.65,
9.62, 9.45
7 .90, .90, 1.0, .90, .95, .90, .92, 1.0
8. 7.75, 8.0 8.4, 7.62, 8.0, 8.05, 8.4, 8.1, 8.15,
7.89
9. 1.15, 1.22, 1.3, 1.25, 1.2%3, 1.18, 1.25, 1.2,
1.2, 1.25, 1.2, 1.1, 1.2, 1.1
10. 6.7, 6.82, 6.75, 6.83, 6.9, 6.9, 6.7, 6.95,
©.99, 6.64, 7.15, 6.5, 6.9, 6.8, 7.0
11. 1.55, 1.55, 1.55, 1.41, 1.47, 1.6, 1.6, 1.55,
1.65, 1.6, 1.45, 1.62, 1.6, 1.55, 1.52, 1.6,
1.6, 1.55, 1.62, 1.6
12. 6.05, 5.9, 6.3, 6.0, 6.0, 6,25, 5.82, 5.8, 5.9
6.4, 5,95
1%, 1.8, 1.95, 1.85, 1.85, 1.8, 1.82, 1.9, 1.68,
. 1.95, 1.78, 1.78, 1.95
14, 5.3, #.95, 5.35, 5.4, 5.27, 5.32, 5.1y 5.35, 5.6,
4,55, 5.05, 5.12, 5.25; 5.4, 5.1, 5.5, 5.2
15. 2.15, 2.12, 2.26, 2.21, 2.55, 2.12, 2.5, 2.35,
2.3 2639 2.29 2.35 2:345 2.2, 2.4
16. 4.42, 4.62, 4.68, 4.7, 4.68, 4.35, &4.72, 4.3,
' 4.2, 4,65, 4.45
17. 2.55, 2.52, 2,65, 2.69, 2.7, 2.64, 2.68
18. 2.8, 4,1, 4.05, 4.07, 4.15, 4.1, 3.96, 4.12,
32,82, 3.9, 4.1
19. 3.1 3.2%, 3.1, 3.1, 3.28, 3.23, 3.3, 3.3
20 2.92, 3.0, 2.8, 2.95, 2.95, 3.1, 3.2, 2.9, 3.1,
3,05, 3,0, 2.86, 2.92, 3.1, 3.0, 3.0
21 B 42, 3,22, 3.725 3.45, 3.41, 3.4, 3.4, 3,6,
' 3.%4, 3.5

Figure 26. ‘Exponential Distribution Data
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Resistor
Circuit
No. Time Intervals
22. g,gg, %.65, 3.42, 3.62, %3.65, 3.75, 4.6, 4.8,
23, 2.75, 2.8, 2.9, 2.82, 2.9, 2.7, 2.8, 2.7, 2.85,
2.85, 2.72
24, 4,35, 4.12, 4.4, 4.15, 4.18, 4.32, 4.25, 4.4,
4.42, 4.4, 4.4, 4,2
25. 2.y 2.3, 2.32, 2.45, 2.55, 2.5, 2.38, 2.5, 2.5
26. 5.1, 4.65, 4.92, 4.92, 4.8, 4.8, 4.8, 4.92, 5.2,
5.15, 3.72, 4.82; 5.35
27 . 2.05, 2.1, 1.95, 2.05, 2005, 2,05, 2.0, 1.97,
2.12, 2.1, 2.0, 2.1, 2.0, 1.85, 2.0, 2.05
28. 5.%%, 5.65 5.95, 5.7, 5.82, 5.8, 5~7
29. l.64, 1.75, 1.68, 1.77, 1l.72, 1.62, 1.75, 1. 625
1.68, 1.68, 1.65, 1.7, 1. 65, 1.75
0. 6.4, 6.42, 6.75, 6.7, 7.0, 6.5, 6.2, 6.7, ©.65,
.58, 6.42, 6.62
31. 1.5, 1.4, 1.5, 1.4, 1.35, 1.45, 1.48, 1.5, 1.31
32, 8.0, 7.52, 7.85, 7.8, 755 7.5, 7.5
33, 1.1, 1.12, 1.1, 1.12, 1.1, 1.08
A4, 8.75, 8.86, 8.95, 8.85, 8.68, &8.92, 9.0, 9.07,
8.78, 9.4
35. 724 706 g o784 72, ’729,829 .80, .85, .78, 80,v
. »725.,:80, .75
30, 10.6, 10.0, 10.71, 10, 9, 11, 0, 10.36, 10, 54 10.85
37 . 48, .50, .50, 509 .50, 503 45, 40
28. 13.55, 14.2, 14.07, 13. 25q 14.%2, 13.63%3, 13%.45,
13.35
- 39, 18, .20, .22, .20, .20, .22, .20, .20,..20, .22
40. 220059 2%.%5, 22.4, 22.6, 23.0, 21.9, 21.92,
23,35, 21.85, 22.4, 24,1, 21.97, 2%.15, 21.42,
21.9 :
Service Channel
Section _Down
1. .20, .19, .20, .20, .20, .20, .18, .20, .20,
20, 205 20, .20, .18
2. 15.58, 15.95, 15.82, 16.82, 17.14, 16.4, 11.7,
' 16.8, 16.5, 16.4, 17.02, 17.%3, 17.6 ‘
3. 232, .30, .30, .30, .30, .30, .30, .30;.%2, .30,
| .35 +35, .30
4, 12.1, 10.95, 12.3, 11.85, 12.2, 12.12, 12.3,

12.%, 12.75 12.9, 12.32, 11.76, 12.0, 11.85,
12.0, 12.0

Figure 26. (Continued)
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Resistor
Circuit
No. Time Intervals
5. .60, .00, .60, .60, .03, .70, .70
6. 10. 5 9.85, 9, 859 10. 1, 10.1, 9.62, 10.2, 9. 35
7. 25 .92, .90, 1.05, 1.05, .85, .80, 92 1.0,
8 7.8, 8.5, 8.2, 8.8, 7.97, 8.0, 8.1, 8.42, 8.05,
8.02, 8.1, 8.3, 7.8
9. 1.2, 1.2, 1029 1.2, 1.2, 1.22, 1.2
10. 7.0, 7.%32, 7.2, 0.6, 7049 7,07, 6.85, 6.9
11 1.62, 1,55, 1.52, 1.55, 1.58, 1.62, 1.45, 1.51,
1.5, 1.55, 1.55
12. 5.85, 6.3, 6.35, 5.72; 5.95, 5.78, 5.9, 6.2,
5.92, 5.85, 6.45, 6.3, 5.85
13, 1.8, 1.67, 1.8, 1.75, 1.8, 1.58, 1.9, 1.8, 1.8,
1.8, 1.75, 1.85, 1.9, 1.85, 1. 7, 1.82
14 5.1, 5.15, 5.254 5.1, 5.054 5.4, 5.1, 5.3, 5.6,
5.%2, 5.2, 5.4, 5.65, 5.62
15. 2.18, 2.25, 2.15, 2.18, 2.2, 2.2
16, 4.25, 4.8, 4,88, 4.061, 4.7, 4.55, 4.45, 4.2, 4.5,
4.6, 4.62, 4 25
17. 2.52, 2.62, 2.45, 2.6, 2.6, 2.65, 2.8, 2.7, 2.5
2.8
18, 2.8, 4,024 3.78, %.85, 4.0, 4.12, 3.7, 4.05,
4.05, 4.1, 3.72
19. 3.155 3.15 3.05, 3.1, 2.98, 3.05, 2.35, 3.08,
3,04, 3,12, 3.0, %3.12, 3.08, 3.0, %.05, 3.1, 3.1
20, 3.52, 3.28, 3,35, 3.4, 3,5, 3.6, 3.2, 3.32, 3.55,
3:55 5.5 506
21, 3.1y 3.3, 3.0, 3.3, 3.33, 3.32, 3.2, 3.35, 3.18,
3.3, 3,2, 3,25, 3,28, 3.25, 3.0, 3.2, 3.1
22. .64, 3.85, 3,87, 3,42, 4.0, 3.82, %.8
23, 2.78, 2.55, 2.7, 2. 78 2.9, 2.7, 2.85, 2.72
24, 4.5, 4.35, 4.2, 4.1, 4.35, 4.42, 4.3, 4.5, 4.24,
4,35, 4.25, 4.3 4,5 4. 55
25. 2.23, 2.4, 2,4, 2.42, 2.42, 2.5, 4.42, 2.4, 2.45,
2.4, 2.5, 2,41, 2.45, 2.25
26. 4,95, 5.02, 4.82, 4078 5.0, 5.25, 5.2, 4.85,
5.1, 5.2, 4.98
27 . 2.0, 2.15, 2.1, 2.05, 1.95, 2.12, 1.95, 2.05,
2.0, 1.9, 2.05
28, 5.22, 6.0, 5.35, 5.38, 5.71, 5.78, 5.6, 5.37, 5.8,
5.54, 5,42
29. 1.7, 1.7, 1.57, 1.6, 1.72, 1.72, 1.65, 1.58, 1.7,
1.74, 1.62, 1.6, 1.72
30 . 6.9, 6.8, 6,38, 6.7, 6.4, 6.5, 6.55, 6.5, 6.3,
7.05, 6.6, 6.7, 6.25, 6.62, 6.4, 6.05, 5.9, 6.55

Figure 26. (Continued)



20

Resistor
Circuit
No. Time Intervals
31, 1.45, 1.42, 1.%35, 1.42, 1l.42, 1.45, 1.%3, 1.5,
l.4, 1.42, 1.35, 1.35
32. 7.5, 7.58, 7.22, 7.8
33, 1.02, 1.1, 1.05, 1.15, 1.05, 1.05, 1.08, 1.1
3, 8.%2, 8.47, 8.61, 8.82, 8.2
25. oggg ,;2, 1.15, .75, .72, .72, .80, .80, .78,
755 .
26, 10.5, 10.62, 11.15, 10.78, 10.44, 11.02, 10.92
37 45, W40, 42, 45, A5, 50, 45, A2, .50, 45,
’ A5y W45, 45 ‘ .
28, 1%3.0, 1%.28, 13%3.65, 14,8, 13.72, 14.42, 14.35,
‘ 13.9, 1%3.8, 14.28, 13.%, 14.35
39, 18, .20, .20, .18, .20, .19, .20, .15, .15, .20,
.20, .20, .20, .20, .15
40, 21.25, 21.05, 22,1, 21.0, 22.2, 22.3, 21.05,
: 22.2, 21.0, 23.32, 21.55, 21.1, 21.3%, 22.8, 21.6
Arrival Channel
Section _Up
Date -25-65
Time 9-12 p.m.
1. .20, .20, .19, .18, .19, .20, .19, .18, .20, .20,
.18
2. 2l.3, 21.7, 19.74, 21.4, 21.35, 21.15, 21.5, 21.3
2, A0, 40, 45, 40, .38, 40, .38, .40, .40, .40,
A0, 40
4., 15.5, 15.7, 16.05, 15.65, 15.52, 15.62, 15.064,
15.45, 15.67, 15.62, 15.9
5. 80, 725 704 755 75 75, 724 70, 74, 80
6. 12.4, 12.35, 12.42, 12.32, 12.52, 12.%, 12.28,
12.61, 12.5, 12.55
7o 1.2, 1.2, 1.1, 1.1, 1.08, 1.1, 1.08, 1.1, 1.11,
i1.12, 1.08, 1.08, 1.12, 1.i6, 1.15, 1.1, 1:.15
8. 10.2, 10.58, 12.6, 10.45, 10.%3, 10.6, 10.5,
10.45, 10.5, 10.42, 10.5, 10.%36, 10.5
9. 1.55, 1.57, 1.51, 1.58, 1.5, 1.52, 1.35, 1.55,
1.5, 1.51 1.57, 1.5
10, 9.18, 9.35;, 9.15, 9.06, 9.0, 9.0, 9.75, 9.1,
9.15, 9.11
11 1.51, 2.0, 2.054 1.95, 2,07, 1.95, 2.0, 1.8 2.0,
2.0, 2,05, 2.0, 1.98, 1.85, 2.0, 2.0
12, 8.0, 7.85, 7.9, 8.0, 7.9, 7.82, 7.95, 7.85, 7.96,
7.88, 7.92

s 8,02

" Figure 26. (Continued)
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Resistor
Circuit

No. Time Intervals

13. .41, 2.38, 2.4, 2.44, 1.82, 2.38, 2.41, 2.4,
2.328, 2,32, 2.42

14. 6.9, 6.9, 7.05, 6.9, 7.0, 7.01, 7.08, 6.98, 6.92,
6.96, 7.0, 7.0, 6.95

15. 2.85, 2,81, 2.9

16. 6.14, 6.1, 6.1, 6.4, 6.05, 6.05, 5.95

17. Bolly 3.45, 3,41, 3.4, 3.4, 3.45, 3.45, 3.4,
3.45, 3.48, 3.5 ' '

18. 5.3, 5.3, 5.24, 5.35, 5.5, 5.48, 5.21, 5.3%5,
5.28, 5.24, 5.4 ’

19. 4.05, 4.0, 3.9, 4.08, 4.0, 3,97, 4.02, 4.05,
4,01, 4.0, 4.05, 4.0, 4.05, 4.1

0. 4.71, 4.6, 4.72, 4.62, 4.065, 4.65, 4.55, 4.62,
4.68, 4.74, 4.72

21. 4.4, 4.4, 4,25, 4.4, 4.25, 4.3, 4.34, 4.28, 4.3
4.3, 4.32, 4.4, 4.32

22, 5.0, 5.09, 4.9, 4.82, 5.0, 5.08, 4.91, 5.01, 5.0,

‘ 5.0, 5.0, 5.1

23, 3.69, 3.74, 3.61, 3.7, %3.69, 3.61, 3.7

24 5.75 5.725 5.855 5.7 5.71y 5.75 5.755 5.75,
5:.653 5.7, 5.75 D75 5.75 5.8

25, 3.17, 3.25; %.25 3.15, 3.12, 3.1, 3.18, 3.04,
3.155 3.25 3.15, 3.1

26, .38, ©.55, 6.4, 6.58, 6.56, 6.6, 6.55, ©6.5%,
6.38, 6.31, 6.5%3, 6.5

27 . 2.65, 2,61, 2.58, 2.62, 2.65, 2.62, 2.54, 2.6,
2.0, 2.0, 2.55

28. 7.255 7.655 Vo Hy T4l 7ol 7.5, VA3, V.48,
7.22, 7.48

29, 2.21, 2,15, 2.2, 2.11, 2.25 2.17, 2.2, 2.2, 2.16,

' 2.15, 2.2, 2.18, 2.18, 2.21, 2.2 ‘

30, 8.67, 8.41, 8.35, 8.35, 8.45, 8.4, 8.4, 8.55,
8.45, 8.22, 8.5, 8.5, 8.55 .

31, 1.7, 1.7y 1.75, 1.7, 1.77, 1.7, 1.72, 1.74, 1.69,

' 1.75, 1.65, 1.75, 1.65, 1.68, 1.74

32 9.585 9.52, 9.83, 9.55; 9.4, 9.78, 9.6

35 1.2, 1.28, 1.3, 1.%37, 1.3 1.3, 1.37, 1.35, 1.3,
1.28, 1.3

34, 11.%3, 11.4, 11.42, 11.45, 11.4, 11.%31, 11.%32,

) 11.45, 11.4

35. 03%9 .92, .20, .91, .95 .90, .91, .90, .92, .92,

36, 1%3.35, 13,85, 14.0, 14.05, 1%.81, 14.25, 14.5,
1%.85

57 .55, .55, .60, .55, .50, 55, .55, 40, .52

Figure 6. (Continued)
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Resistor
Circuit
No. Time Intervals
38, 17.72, 17.6, 17.81, 17.8, 17;759 17.64 17.9,
’ 17 75, 17.5, 18.0, 17.42, 17.8
39, .20, 20, .19, 199 .19, .19, .18, .20, .20, .20
40, 27 . 4 27.%, 28,0, 28.2, 30.0, 27.4, 27.4, 27.8,
28, O8 27.85, 27.02, 28 4, 27 5, 28 35
Arrival Channel
Section Down
1. .19, .18, .20, .20, .20, .17, .18, .18, .20, .19,
o . 20
2. 22.0, 22,05, 22.52, 22.0, 21.91, 21.91, 21.95,
' 21.95, 21.95, 22.05, 22.08, 21.91, 22.2, 22.42
3. A0, 40, 40, .38, 42, 42, 41, 41, .40,
.38, 41
4, 15.95, 16.25, 16.12, 16.0, 1l6.2, 16.12, 16.12,
16.16, 16.0, 16.0, 16.35
5. 71y 2765 75, 75, 71y 75, V25 71,y 75
G- 12.7, 1%.0, 12.95, 13.0, 12.97, 13.52, 12.8,
12.75, 13.0, 12.95
7. 1.09, 1.07, 1.1, 1.05, 1.07, 1.1, 1.1, 1.1, 1.1,
1.1, 1.06
8. 10.8, 10.7, 10.95, 10.78, 10.92, 10.81, 11.0,
10.92, 10.97
9. 1.85, 1.5, 1.51, 1.5, 1.45, 1.5, 1.45, 1.5, 1l.42
10. 9.4, 9.7, 8.8, 9.25; 9.5; 9.2 9.21, 9.3, 9.30,
8. 45 9.45, 9 3
11. 1.98, 1.95, 1.95, 191, 1.91, 1.97, 2.0, 2.0, 1.95,
‘ 1.97, 2.0
12. 8.07, 8.0, 8.1, 8.0, 8.1, 8,07, 8.0, 8.006, 8.15,
8.0, 7.95, 8.0, 8.0, 8,02, 8.05, 8.1, 7.9, 8.01,
V 801
13. 2.31, 2.42, 2.31, 2.4, 2,37, 2.35, 2.38, 2.4,
2.35, 2,32, 2.31, 2.3%8
14, 7.1, 6.9, 7.1, 7.1, 6,81, 7.01, 6.95, 7.1, 6.9,
7.05, 7.05, 7.05, 6.9
15. 2.85, 2.9, 2.78, 2.82, 2.9, 2.82, 2.8, 2.8, 2.85,
2.85, 2.85
16. 5.99, 5.92, 6,08, 6.05, 5.97, 6.05, 6,05, 6.05
17, Bolky P.45 3,515 3.%375 3.354 3.35, 3.38, 3.3/
18, 5.2 5.354 5.2, 5.2, 5.25 5.22, 5.32, 5.29, 5.21,
5.21, 5.25, 5.25
19. 3.95, 3.85, 3.9, 4.05, 4.05; 2.9, 3.9, 4.0, 3.92,
2.97, 4.0, 3.92, 4.0

Figure 26. (Continued)
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Registor
Circuit

No. Time Intervals

20. 4.6, 4.65, 4.6, 4.68. 4.68, 4.5, 4.58, 4.6, 4.57,
4,02, 4.51, 4.55, 4.58, 4.62, 4.6, 3.98, 4.82

21. 4,21, 4.3, 4.%2, 4.2, 4.2, 4.3, 4.2, 4.32

22, 4,95, 4,92, 4.9, 4.5, 4.95, 4.95, 5.0, 4,96

23. 3.55 3.65, 3.69, 3.75 3.7, 3.62, 3.9

24, geggs 5.69, 5.68, 5.62, 5.65, 5.75, 5.74 5.72,

25. 2.1, 3.1, 3.1, 3.1, 3.1, %.12, 3.1

26, 6.5, 6.5, 6.55, 6.6, 6.5, 6.58, 6.68, 6.53, 6.6,

' ©6.55, 6.32, 6.55

27 . 2.6, 2.6, 2.57, 2.54, 2.55, 2.58, 2.58, 2.46,
2.6, 2.51

28. ;azg 7.48, 7.5, 7:55, 7:254 7.6 745, 7.55, 7.4,

29. 2.2y 2.175 2.25 2.14, 2.1%, 2,12, 2.2, 2.35, 2.28,

' 2.15, 2.1%3, 2.18, 2.%4

20. 8.57, 8.4, 8.45, 8.72, 8.4%, 8.51, .51, 8.6,

‘ 8.45, 8.6, 8.45, 8.51

31, 1.7, 1.7, 1.65, 1.64, 1.8, 1.95, 1.72, 1.7, 1.65

32, 10.1, 9.64, 10.2, 10.15, 10.0, 10.02, 10.0,
10.19, 10.05, 10.2, 10.15

33, 1.21, 1.%2, 1.26, 1.3y 1.3, 1l.26, 1.28, 1.28, 1.31

24, 11.9, 11.7, 12.0, 11.89, 11.9, 11.6, 11.85, 11.05;,

‘ 11.91

35, 12.9, .90, .89 .92, .90, .90, .98, .95, .95,
.92, .91, .95, .90

26. 14,0, 14,47, 14,05, 14.5, 14,35, 14.48, 1l4.6,

_ 14.68, 14.25

37, 528, ,289 .55, .56, .60, .55, .58, .60, .60, .58,
.60, .

38, 18.6, 18.1, 18.45, 18.3%, 18.%, 18.45, 19.0, 18.05,
18.6, 18.57, 18.46, 18.31, 18.4, 18.7, 18.4, 18.4,
18.78, 18.8, 8.61

39, 020, .20, .20, 204 220, 203 .18, .20, .20, .20
28,71, 28.95, 28.9, 29.%, 28.65, 28.52, 29.0,

40.

29.85, 28.79, 28.57, 29.1, 28.72, 28.81, 28.95,
29.6

Figure 26. (Continued)



o4

Queue

Length

Interval

Time

o EABC -~ o - 1M\ 4 -3 L -
n\ 902/ [@Es [QN] @] e I\~ & o) = = - o O @ & =
° QOO0 » = o~ s - 0O - MO N s INNY =« O NN [Q\] O ° g =00
>0 s o \0 =~ - LN\ O <0~ o o0 @ o o o o NNQQ o & o & o = ol =+ Q0
To R S R T = 15 AT o~ o eONHAUN QU oAt AT o eQ 0Ol
N ad QN » sO0JOND- » ~ o ezt o\ » odf I o s e © e O o~ -
o~ o 8514 ON N ?60 ° (e 0] 14 e — o e e 705 o (] QO 588 o o N
—H el o e s e O cONNT o = od = OV DNINKY cQF cOF O O o srded =eONO
N HNW - e o e M c e s oA AR o ofw m o A o =04
o~ Y QO ¢ = 9411 o -~ e o L) ’5514 o N oA D O = N\ o O\ o
N\ s\ = = s MNWOF o M 00O O —~ s . - n s+ IN D~ ~0
668 947 ° N\ & @ o oQ) o QJD- a~ 040 o o & o\ & N\ & o « o\ @ o e~
e o o & HANAD. O oD Al —F N NHF cONNNMNO A O INH «O MDD
N0 U N OV R R oV . o o oQl e o oo ol NVH 20O o o
oo e eOVNANA cO SN sNg O F @ NG cONH o = MR D U
LN 9.6 = sINHANJO\ » o (. o) o 94 044 o - [Q\] ° LN\ e o @
8811798 s o oZ/??gogl oh_rO/o [~ o oI\ = (O & = & & e o e 9904 LS S
CQONAHQ®@ A e f0 T & OO TF Q0O O Ovd g sing o)
Hda 00K A ~ 0 - o s e F A NG N el o — O M
o~ PN al ~ e o e 26 o o o — — o LN\ IN\WOY = N Q] e A
o e e o o e 94 ?50 o ?7220 el o [Q\] o~ [Q\] o~ O o =
1514049 505?9490 ° O cr O e & & & & & o e o s ot () @ & o o
U LAV K REAR SRV S MAON ] MARN) s O cO MO O MO KO MAN - s O INA O A
152./ ° o DO ° o \O O — o o o MY @ eg4 o o QUMY o o O ° —WQ ¢ ¢ o0
— - el & o O ~ o e\ O * INQ ot ot AN = oA o UMHN o
o o o o a0 O Qd e QO =Q! @ N\ =N — S @] O O =
?24 s NN\ o & o o o = NYQY ° oo e Q] o eolN\ o & a(\] & & & e o o o o O\ ™ o o e~ & e
G G o2 A0 HAOD °0 OO0 FT HN ~ OV O =Ch 60790162/1 ° QOO
FMNNF O e ° s WDWHN o s WO+ o =0 Ol o o 5 » o o
[QV] — — = oNNO e} — e e o l ° aim/_ 31 91 o NYQOL QO A N H
o e~ EAE - [QVEeN] Al & & o & & o a~ o~ [HQN NN ks (RN N\ O o
=QOQ QO UINN\g QO = ° o & NYOND-ONAION =0 =0~ o0 = QO & o o o o0 =0 585 A N O T
AF DN = O M ALNAH & o o 5 o o o OMQ oD- 2r *AF DO 2O <O ¢ cQODNNOO
¢ o o oM ¢ o Q! 080545148 oI~ o o ¢ s 1812 — o = 4
— Q\ Q\ [N 2 > — e o 2&1 12925 2/9 212/2/ 92/
=ON\QJ O QO 99 = e e 7_1—)O S Sh/.u & o o\ & nv_;A/ - e = & =00 99 o 7 AT I
(U WO >Ny o\ o ONON o o 166 92120 cfO o HO0O T O _u/_u/ 5000/03
s e el 5O el o o o NNO LA . O e SO\ e o o 5O\ oI o
— o NN Aol A 14222571&1 M s e llolB S
oNO O & & N\ o o = =N\ 958 © e e & s e e e 95 CAC TSR 35 98 98 [ T - S S A -
D~ oF O » «INNNOQ - ONO OO 0N - 030848400 9190915584 * (\ 4980714
s O o MNNOYN o e \QF o e I NN o o o e IO\ o QD o o oM\ LN\ o o o\
N\ — g N e 58 a o Z/ 12 6141 o 02/7/1 0512246 _I_ 52R/ 157)
o e\ e 96 L 8 R S a..l -/O o B o e N B e S 6 g @ ¢ s e & e ™ e 6 5 o~ e & & G o & g
O O 004 cONO NMNO 2O 078779815006600827015422/402540
s o ONLN\ 054 s ON o @ ol_..l._ e N\ o © o o o 8 o 097 ° 077)6 < 9 oooooo
MO - N 521845 181627767711 o e\ o o e N O NG AN\ 2/517
®)] —

Queue Length Data

Figure Z27.



95

Queue
Length

Time Interval

, 1.0, 2.9, 1.9,

2.9
2.0,

-~ - ~0O = AN O\ = o s e e LIV0)
& o ’4 o o\ OO = NN\ o[- 0”».. =0 58 s e e e e e | o O n»._l alO
MDD~ e IND~ o 0 0 = OO - N e o o o = 444007)0 ° 02/25 69_
o o o st o oQJ o NN e e MO O NN » 5 a NAINY ¢ (ONN @ 5 o s \O
: o - s s 242 o o o 01274 4
- @ O\ = ~Q\J N\ Q) [ I 4
[ R ’9 e o o~ e O = 2O o O 3487 o e e e e e () e & T o 90 or.O
OF O 2OMN 2O crA NINNAN NG o o F O ° o1OOO774O) 6468 ° O
oooooo O < 685 ® ¢ a o o INNQ\J 052114 o 0D W o o @& e 141
T HAHNAND-H oMY O’ NN — hﬂ.ﬁ/_ xo/ ° lqi o o 042/,8 02115 o —l
- o - o & e N > LA ¥ [l
@ e e oo e e e o) o e o (O o .70/ ° Q,l INQO 911_2 e o e e e e e e N\NQ] e e e 96 o~ o
4712/5045 2/58260 = (WO 77 96 ° 2870 267o 6011 OO
° 68 @ 05 S 7 o] o o o QLN o o —f o 0048
e2.|_2,/2/ﬁ.ﬂ._ > OV ll 4 e N _I_Z/ ."1_21 219/_1 61412/1 a0
o TN - @ LS
o 9999??97%905 ?6 & — @O?iﬂ? ® e o e 9966 - R S T S
O 81080 TO0OQ o0 = OO 2O 0O s OO 40801018 ° OOOOIOOO
o o o o o QOJU\ - QOUOUQY o 0715 ° 2/82950 e o O 02 s o o o0 o JA-
- 2551 ° al o e 11 o l ° 46 .I:./._ M_. 4122 N o a57) °
o — » o o e o
o NYy & e & & o e 99 e 0O <@ ?7 = 0 JO auﬁu I A O T T T
OO INING O O N 80 612 47608 62907883479 2 OOO8&..I:Va
TN 04 e o oINNOJQ] o+ l c o \0O 2 ° ° ° e o IN(\J o
— N 01811“ o o l ° 18 12 ° wo/ﬂl_ 2 014ﬁ/1821 wl_ﬂu e olFOlﬁL
& El Ea e N
e e\ @ & e & e 979Oﬂ9159?5991?6 ?43%799?3990»&:9939999
T O 02/6422/%4810/_./0 cAUINOYNNNNOD o O @ 90 040044405112825218
O NN - O c O~ o o o ¢ o 41580 s i o o o 6
— e 122/1562/28 1 ° T O INQA NN 2)_ o_l_.l_.l_.l_?l A an,l211252
e o) & & & o oo ?959909.«.993?130 Q49u;&9%?93)9o39999)9
100000569415 s 2QOMHING AUWOT ~O OO MNWINO DS e I IO F KO
o IO QD o o o LN\ o /ITZ/Z/ ° o o4 o o) o o~ 5 olNH o o 06 ° ﬁr
Al oD~ o oNQN uZ/.Z/_I_ Z/_I_ ° 111516 2./7 — 211 020/ T W0 MY o
q?ﬁm.:nvcl.qu’n:n.,nyn,“»u996?99?39330 ?29\?9%9ﬂ,9990999?9&/)
AOONOFTOVOFT HA~AQ oD~ 0047_07”52 ° QW OlOOR/OFOZ/OJ o1 MOW—HNWO
° 04 ¢ o o oN\ o o o52 ° 522 o o] ¢ o oQOJOQO 024 24 s o o o4 o o o ol\(

.20, .20,
.10, 1.0, .50,
409 8.2, 4.8, 4.1,
60

3
50,
3069

5

3

5

5

O O 42/2}2 o — — MY _I_l_l__l_ e s (UMY o O NN o 12/82/4 QU = o RGOV

o
T - AT T S A A T - SO - ) 989

422550980797/_ 71247807025 h_.

(Continued)

Figure 27.



96

Queue

Time Interval

Length

.70,

.60, 8.1, 1.2,
0203
660?
.50,

.50,
290, 7.7, 2.05, 4.2,

.80, 2.6,

9503
1,
2
8
6
-3
0
é
8
9
8
20,
0809
.50,

0809 7019

9
9
9
9
5
9
m
, 2.7, 2.1,

40,
40, 1.75,
10.8,
220, H.3,4
0705)

.10, 16.0, 6.6,

° 9 2 9

090,
5.9
0209
2009

3
3
k4

.2, 2.2,
1.5,
1.4
.50,

n909
.10, 6.7, 1.7,

.20, 2.3, 1.0,
=205 3.1y 5.4,

— e c (] O o o] opg{ o & o N o o o o\~ o o

2205 2.55 7.7, 2.5, 3.9,
>
9
1.
4
2o
6
4
3
6
2
2
5
1
1
7
)
1
1
5
1

.70, 1.8, 5.7, 4.7, 2.0,

, 1.4, 4,15, 2.2, 2.4, 1.6, 7.2,

.50, 6.2, 16.0,
2.0, 8.5

.20, 4.5, 1.7

2.4y 2.2,
5.7
1.8,
10
0803
.60,
a 20,
0
0
7
8
0
;n
9
0
0
0
5
0
8
1
6
5
2
1
6
8
0
2
o
1
1
>
Y/

mynwn/?O9«70913)999690?2035999%99999
70_./02/0/820 cINO O =MD 01011009:2/1677
Zo/llh_u o o QO] o o O\ o 64 O~ eNNHD- o °© o e

9
9
9
9
@
3

.60, 5.1, 2.3, 4.3, 5.0,

o e 359309599@?0/”,/9590099?39939%9?
o O ONMNINO N0 oO500h_. o~ o 85847805020
e o o o F o o oF o o 06 o o o o @ o6 2 \O
—~ g O~ ° Z/ 614 02/12_.%;1 %44814515 — e
99??3999@835L‘9§9)? 333333
N cOONNONHO o 960950705255ﬂ/
o ONQ] o o o o o 09 o o© ° s O\J © ° o o o
[Q\} 02/11251_.1“11!__.“”5512 O/ 21_798+
2an993939999903«»9?99?99?%3
20228%ql57o22221204MAU/MAU/.LOE/O

U\ © o o0 o e or— o l
25 2/2/2/2 eI ord sNMAN GO o o o= Ql

= -] o o o -3 -] -]
FT AN o1 VO A o N H MY
OO O

o o —f
2 -] o

’9?939?7299?9? 9999999 9299?99935932993’9?

7000512/1 624800804808 0884250150 2891001
o o O\ o e o of\ o o o oQJON o c(\] o o o o ON o o \ONN o o o o lOQ] o
MO o e A1 ANHNWNNHG ¢ e\ ohTFO 2/1516422 cIND- o A NNHANYH o ot

2
1.0,

1

{Continued)

o7,

Figure



97

Time Interval

Queue
Length

: o e O A T = o e S - O < o~ ES
04 ~0 ~OQ 9046 04 o O o0~ 459??91 &> e ES O - ) @
b~ 2O sQWO NNNO o o F oD~ INO o e e OO\ sOONO O AN O O
e OMNNAN o NN e HF N & o O o o o (\J NN s LN\ o LAVLMN\ o NN o e ° °
. . . o © F ~ A s e e QIR el N —
> o -~ o o L e o - O O = o M\ o [QVE-S
2/5 o N ~— O 9006087 = o O O N\ e I\ & & & 34 ~ > & o 8 o - o — o~
oA ON 2 QO sINOWW 2 o s OANINAN e NY cOHOO cOWVWOgG O O LN — e QV
N o s AN T +0© o N e o o DN o F MOUDS o o o NN . O o
QJ ° ° - NN - NN A o or— o o s O = e NN L [QV]
o e o - o o o a0\ & @ N\ e 1M\ — N\ « O - (@K
OO0 =dH QO 0 9402/ 066 o o] O o o ON\ & & & o0\ & & & o o O - - 0 D~ o
OO 20O\ s O o NN o] o e OF O MNH o o NOF NN e OONH A AN N OO o o o
o s 0 o oNN\ o (O olN\ Al N — N\ o FT A e o o o o ° o ° o (\J O [O))
° N N - s & ° e —~ N\ QO AN - [QV 1 S °
ER o« A e~ NN e o N e on/..»lg & o~ LN\ o o~ &
N =0 QOO = «O QO oINC o o 0 o o I\ & o & o o @& & oo o [QUEEE:S S & e o (O &
D~ s QO oAy s QMO o\ o oMY e QO oA\ IF OVOO OO ol e O T ONN o O
o NND~r+ ¢ oyr4 o o o o e O oA i s o0 o] e o o NN o o O o UN e [QV} IS
=4 s — e - O~ & o - = e\ oprd ~~HF GO Sy o @ °
-~ o AR A A @ BECANER nm\ o O @ & L o~ N =
O <O cfQI D o o 6 oOO 941 9,060 o e e e e a~(\] e o N\ e e\ ES @ e a0 )
ND~O QO o edg o eHAINO ° 2OOCy 20 MD~-O N M 00O et o O OO o o =4
s e FIND AN o o e s WD o 2 o ol o oCQU o\ o o O\ o NN DOV o
4 o > =+ o~ - o o - N\ SNVt Deoed O O A s o —
[ o CAN: o e\ & o ™ o >~ & o a o o
NN o 2O QO e aQAUONANIQOW =00 O O o e e o o eN. & 92 & o o« o L @ W -
N o cOONG Ot 0 o o] opd o o QOQONH o 954064 312/ 0O F WO A OV e A
o] o NN\ ©o o e QOJOJQJ O s QUMNN o o Q “»u o o o @ o o ° ON o o °
O A e ° ¢ QNN 0] — N e _.7,2/1122 241 14 1 o~ o N
O =i 945 o QO @& o & o« QO = [ - S 98 EEON aﬁ.H_x o 90 @ o o OO -
ODl~rd 2O o s ONN o o] oAU « QN 200 O llOW.«FOB 202 OOV 00 O
e o s OMNNHON] o eNNO o741 oIird © o4 o o o (O\J o otl0 o oM\ o o o o o o NN o
NN s e B N — WO NN e — — —t 61 879116 + (\J 2 ° r) O — Q0 s (\J
el = @ aNNQD) e (O e o\ o o~ o QOO0 @ ™ e e e ¢ o G & 91 o 35 o s e oINQO o« o
O~ O o o72859m{65 o712 CRIN 701@/204806 08 cOQHO MO OUND-
Al e o o o o o o o o] o o (] o o F el o o ON s QIO oF O 02 2 e o © o o
ogt 1 oMY 12/4 56119 lz/ A e e OE AT U RN e O o O\ oo NN AN
9933953354 & o @ 9.950. N\ & o EARR- N S S S e o e o\ o o\ & o o e o o) e e
850/?1 oF OV o NN INO OONO i 207m4099408002600 PO HO INOIF 0O
o o o o o o o) o o ol o o o o (O oo\ °o o o o o o o) o~ o4 o o
~— mll 222112 LEQUEGVEQUR ) Vo RERY Z/Z/ _1/.5_._) 2222/22/2/ 22/0 e~ o LN\ l_y/-
9?9392 & e e o e e 6 O TR I AT - - R LT R - 9%9999??%?95999 39?9?!4
25505 1770970087004006407154621008050460302 o ON o
o o o o o 0 o o\ QOO o 097 s\ OOl o 4 s 6 o o ° oﬂ. o (O o (O
261111152 61 o o NN .I_ e » 00 ON 2/42/28262/ l al Z/l °o i NN~ O QU
QN O 0o~ (00} . ON O — QI NN LN\
— — —

(Continued)

Figure 27,



98

Queue
Length Time Interval
16. 30, 304 4.7, .20, 4.5 3.7, .10, 4.9, .90
17. 6.2, 1.4y 1.2, 2.0, .20, .80, 2.1, 2.7, 1.7, .70,
5.7
18, 4.8, 7.1, 1.3, .10, l.42, 1.5, 2.2
19. 4,64 .20, 1.7, 4.2
20, 2.1, .70, .20
2l. 1.6
Queue Data Collected 9-25-65
Number Observation
in No. of Totals
System Occurrences Occurrences
0 213 1374 .4
1 399 1182.05
2 324 916.9
3 237 789.65
4 151 428,26
5 102 262.8
6 98 208.9
7 82 257 .35
8 46 122.0
9 23 22.05
10 11 31.5
11 8 12.6
12 8 17.%
13 9 27.%
14 13 43,6
15 11 24,9
16 9 19.%
17 11 22.7
18 7 18.42
19 4 10.7
20 3 3.0
21 1 1.6
Figure 27. (Continued)



Arrival Section

Resistor Up Section Down Section
Circuilt Total Total Total
No. Date Up Down Arrival
Section Section Section
9-2 9-10 9-25 9-2 9-10 9-25
1. 3 12 11 26 5 9 i1 25 51
2. 1 11 10 22 4 8 10 22 44
R 4 13 12 29 4 17 11 32 61
4, 6 9 8 22 1 12 12 25 47
5. 5 13 10 25 7 3 9 19 45
6. 5 10 11 24 3 7 13 23 49
7o 5 14 1 %6 9 10 11 30 66
8. 5 14 o 24 2 14 9 25 49
9. 14 18 iz 4 6 i1 9 26 68
10. 9 -9 15 33 2 12 9 23 56
11, 5 14 15 s % 14 12 29 &%
12. 5 7 15 26 4 17 13 A4 60
13. 5 10 11 26 o 7 12 25 51
14. 3 9 11 23 4 12 10 24 479
15. 1 12 3 16 % 9 11 23 29
i6. 6 12 12 28 3 12 7 22 50
17. 5 13 11 29 2 10 8 20 49
18. 1 11 7 19 8 8 7 23 42
19. 6 13 14 33 38 11 13 22 65
20. 5 11 13 29 4 11 8 23 52
21, 8 7 11 26 2 13 17 22 58
22. 3 14 12 29 5 13 8 26 55
23, 3 12 11 26 3 9 12 24 50
24, 11 12 14 37 4 6 9 19 56
25. 6 7 7 20 8 10 8 26 46
26. 3 11 12 26 3 12 21 26 62

Figure 28. Compiled Data - Number of Occurrences of Resistor Circuits
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Resistor Up Section Down Section
Circuit Total Total Total
No. Up Down Arrival
Section Section Section
9--2 9-~10 9-25 9-2 9-10 9-25
7 . 3 13 13 29 2 10 1 2k 55
28, 7 12 10 29 3 9 10 22 51
29. 5 1 12 30 7 1 20 45 75
%0, 2 9 13 24 9 16 12 A7 61
21, 3 9 10 22 5 10 12 27 49
32, 8 7 7 22 2 12 11 25 47
27, 5 1 13 24 5 11 9 25 59
24, 5 1 9 24 % 9 9 21 45
35, 5 11 10 26 7 5 10 22 48
36, 0 12 8 20 5 16 9 30 50
37, ) 9 11 26 1 9 11 21 47
38, 7 14 12 33 2 15 19 37 70
34, 1 ) 8 15 ) 12 15 21 46
4C. 4 6 14 24 Vi 9 15 21 55
Service Section

Total

Service

Section
1. 9 10 10 29 6 13 14 33 62
2. ) 11 10 27 3 13 15 21 58
3, 6 15 9 30 4 10 13 27 57
i@, 5 12 8 25 4 13 13 30 55
5 7 11 12 30 6 14 7 27 57
6. 3 13 13 29 4 14 11 29 58

Figure 28.. (Continued)

00T



g?;éi?gr Up Section Total Down Section Total Total
No. Up Down Service
* Section Section Section
9-2 9-10 9-25 9-2 9-10 9-25
7 3 14 8 25 6 9 10 25 50
8. S 1 S 24 7 16 8 32 56
9. 6 12 14 %2 3 S 7 16 48
10. 5 7 9 21 % 13 12 28 49
11, 5 14 20 29 2 12 11 25 64
12. 7 4 14 25 3 16 12 32 57
13. 2 12 12 26 S 10 16 32 58
14, 4 © 1 26 3 14 11 28 54
15. 6 8 15 29 5 7 6 18 )
16. 6 16 9 31 2 14 13 29 60
17. 4 13 7 24 2 i 10 17 41
18, 2 12 11 25 3 9 8 20 45
19. 5 8 1 29 3 10 17 30 59
20. 7 13 9 29 8 10 17 35 &4
21. 3 12 10 25 2 11 12 25 50
22, 5 9 9 21 9 15 Y 31 52
23, 9 13 11 3% 3 11 11 25 58
24, 2 10 12 25 4 8 14 26 51
25, 7 14 11 32 2 10 12 24 56
26, 5 9 1 27 3 8 11 22 49
27 . 3 11 17 31 4 14 14 32 63
28 . 6 13 7 26 3 12 11 26 52
29, 6 11 11 26 4 10 13 27 55
20, 1 14 12 27 5 18 23 60
31, 8 12 15 25 7 14 8 29 ol
22, 4 8 v 19 8 12 4 24 43z
Figure 28. (Continued)
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Resistor Up Section Down Section

Circuit : Total Total Total
No. Up Down Service

Section Section Section
92 9-10 8--25 Q-2 9~10 9-25
33, 4 15 10 29 2 8 13 23 52
34, 5 13 10 28 3 11 5 19 47
35, 3 5 18 26 5 14 8 27 53
365 . 6 10 8 24 8 S 7 21 45
37 . 4 15 14 23 5 8 16 29 52
38, 3 11 8 2z 2 19 12 33 55
29, 6 % 11 ou 3 10 1% 26 50
40, 1 14 15 20 3 8 15 26 56
Figure 28. (Continued)
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APPENDIX C
CUMULATIVE DISTRIBUTION VALUES
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104

Exponential Times (sec)
Service Dist. Arrival Dist.

(£) Bg = »10 by = 075 Resistor
Class Class Class Class Class Class Circuit
Limit Mid-Point Limit Mid-Point Limit Mid-Point Number
.0000 0 0

0250 253 337 1,(2 =0Q)
.0500 .513% 684
.0625 645 .860 3
.0750 .780 1.040
.0875 2915 1.220 4
.1000 1.045 1.393
.1125 1.104 1.592 5
.1250 1.335 1.780
«1375 1.479 1,972 6
.1500 1.625 2,167
.1625 1.773 2.364 7
.1750 1.924 2.565
.1825 2,076 2.768 8
«2000 2,231 2,975
.2125 2,389 2,185 9
«2250 2.549 3.%99
.2375 2,712 3.616 10
«2500 2.877 2.8%6
: .2625 3.11% 4,151 11
«2750 3.216 4,288
2875 2,390 4,520 12
« 3000 %.567 Lt 756
«3125 2,747 4,996 13
+3250 %.9%0 5.2540
«3375 L1177 5.489 14
<3500 4,3808 5 Phl
.3625 L,502 6.003 15
<3750 4,700 6.267
3875 4,902 6.536 16
4000 5,108 6.811
L4125 5.319 7.092 17
4250 5.534 7379
L4375 5,754 (7,672 18
4500 5.978 7.971
L4625 6.208 8.277 19
L4720 6440 8.592
L4875 6.684 8.912 20
« 5000 6.931 9.241
.5125 7.185 9.580 o1
5250 7 o llils 9.925
«5%75 7.711 10,281 22
5500 7,985 10.647
.5625 8,267 11.023 23

Figure 29.

Cumulative Distribution Values



105

Exponential Times (sec)

Service Dist. Arrival Dist.
F(t) By = -10 B, = 075 Resistor
"~ Class Class Class Class Class Class Circult
Limit Mid-Point Limit Mid-Point Limit Mid-Point Number
»5750 8.557 11.409
.5875 8.855 11.807 ok
.6000 9,163 12,217
.6125 9.480 12.640 25
.6250 9.808 13.077
.6375 10.147 13.529 26
«6500 10.498 13.997
6625 10.862 14,483 27
«6750 11,239 14.985
6875 11.632 15.509 28
»7000 12,040 16.053
«7125 12.465 16.620 29
«7250 12,910 17.213
« 7375 13.375 17.833 20
+7500 13,863 18.484
.7625 14,376 19.668 21
+7750 14,917 19.889
.7875 15.488 20.651 32
.8000 16.094 21.459
.8125 16.740 22,320 23
.8250 17.430 23,240
8375 18.171 24,228 3k
.8500 18.971 25,295
.8625 19.841 26.455 25
«8750 . 20,794 27,725
.8875 21.848 29.131 26
.9000 23,026 30,701
.9125 24,361 22481 37
.9250 25.803% 24,537
.9375 27.726 36.968 38
+9500 29.957 39.943
29675 32,834 42,778 39
.9750 236,885 49,185
.9875 43,820 58.427 4o

1.0000 oo 0

Figure 29. (Continued)
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