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CHAPTER I

INTRODUCTION

The job of designing, optimizing and evaluating Various

production systems is becoming more d i f f icul t  due to our in-

creased knowledge of equipment and manufacturing processes.

A means of analysis is needed that  may be applied to both

simple and complex manufacturing systems. Such a method of

analysis must suff ic ient ly relate e f fec t s  of controllable

production parameters upon dependent process parameters.

Parameters that  are controllable through management

decisions include choices among different equipment relia-

bilities and capabilities, parts and raw material inventory

sizes , in—process buf fe r  limitations, material handling

techniques , production configurations , and general production

po licies. These production parameters have been shown to

have a significant effect upon the dependent process para—

meters of systems reliability, systems availability, systems

L 

maintainability, production rates, production costs, and

operating effectiveness.

Evaluation of production systems is currently accom-

plished by two basic methods of analysis; prototype testing

and simulation. Prototype testing is usually an evaluation

____________________ 
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of a functioning, scaled model or limited application of

a larger proposed system. Generally, this is a long and

expensive method of evaluation. Computer simulation,

however , is a technique that uses computer modeling as a

symbolic representation for a definable system. It has

proven to be a relatively easy, inexpensive and reliable

technique of analysis, especially in the field of research.

Simulated programs can also be easily manipulated to

handle practically any type of change in a production

syst ‘
~~~ that  normally v.’ould be impratical to try.  Thus ,

a manufacturing system may be tested and optimized over

a bro ad ran-~o of conditions with minimum e f f o r t .  In

comparing these two methods , simulation appear s to be

the most e f f ec t ive  method for anaiysis. However , there

needs to be a simulated program designed strictly for

analysis of changes in the production process parameters

of reliability, availability and maintainability and

their e f fec t  upo n the dependent outpu t parameters.

Programs that are available for simu lation such as

DIKAN O , General Activity Simulation Program (GASP),

SIMULATE , and General Purpose Systems Simulator (GPSS )

are designed for simulating a wide range of problems.

But their goneralized approach and usage of different

computer languages tend to make them difficult to apply.

Also, in reporting the effect of parameter changes upon

the system, desired statistical information on all

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
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operating characteristics may not be included. (1 ,3)
Simulation and Analysis of Manufacturing Systems ( SAMS )

is a newly developed program designed for the study and

analysis of manufacturing systems. (3) Currently , it has

been used to s4m~.ilate and optimize the operating policy of a

continuous single product manufacturing system. (1 ,3)

It is not capable of handling a multi—product manufacturing

system.

The object ive of this report is to develo p SANS fu r t he r

and to make it capable of simulating mul t i—product  production

systems. Chapter II is a l i terature review of SANS logic in

the single product s imulat ion.  Chapter III is a comparison

of the single and multi—product systems with a brief discus—

sion of changes that  are necessary in the development of a

mul t i—product  simu1atin~’ system. Chapter IV is a description

of the Small Caliber Ammunition Modernizat ion Program ,

SCAMP (1 ,3) and how theoretical changes could make SCAMP into

a mul t i—produc t  manu factur ing system. Chapter V contains

results on simulation runs from the SCAMP multi—product

system. Chapter VI contains conclusions and recommendations.

Numbers in parenthesis refer to numbered references in
the list of References.
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CHAPTER II

LITERATURE SURVEY

Simulation and Analysis of Manufacturing Systems ( SAMS )

was designed by Snyder (3) to aid managem ent  in designing and

evaluating any single product manufac tu r ing  system. Other

general simulation programs that  were available were not

accep table due to their generalized aDproach , their  design

for problems other  than manufactur ing systems and their lack

of adequate s tat ist ical  analysis. (1 ,3) Therefore , SANS was

designed to meet these specif ic deficiencies.

SANS : Simulation Modeling

SAI~iS utilizes a time based , Monte Carlo simulation and

the Markov transit ion matr ix technique to generate the output

of product ion uni ts .  (3) The basic concepts  in the Monte

Carlo simulations and the Markov processes are importan t be-

cause their limitations will be the same limitations as for

any application of SANS.

The time based Monte Carlo simulation assigns a range of

numbers to all possible states of condition , both normal and

abnormal, of a manufacturing system. Each state then re-

ceives a portion of the numbers that relate to its expected

probability of occurence. A sort of random number is then

k
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generated , and the state of condition is determined by

comparison with the assigned nurnberL . It is possible for

these random numbers to follow a pattern of uniform , normal,

Poission, or other distribution form. (2) With this method , a

manufacturing system can be simulated under probable condi-

tions of operation and its performance analyzed .

Usefulness of Monte Carlo simulations is generally

limited in application by three main d i f f i cu l t i e s .  First ,

only one set of system parameters may be specified for a

simulation run.  Second , it may be d i f f i c u l t  to determine the

number of trials that  are necessary in achieving the desired

level of conf idence in results. Finally , the cost of Monte

Carlo simulations can become costly in terms of computer

time. These three d i f f i cu l t i e s  also tend to interact with

one another in such a way that decision tradeoffs between

them must be made by the user.  (6)

Any Markov system has two important features: first ,

the probabilities of fu ture  events are independent of pas~
events (k ) ;  and secondly , all possible states of condition

must be included in the Markov matrix of transition probabili-

ties. (3) Markov transition matrices are used in stochastic

systems to represent all probable states of condition , both

normal and abnormal. Probability values listed in the matrix

give the chances of a system transferring from one state of

condition to another within a specified time interval.

Simulation of systems is accomplished by taking random

-I
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6

numbers obtained through Monte Carlo simulation and deter-

mining probable states of condition through the 1•-~ar1:ov

transition matrix. This simulated operation over a period of

time may then be analyzed to determine how changes in control-

lable system parameters have affected any of the dependent

characteristics of the system. In SANS, the probability

distributions of elements that make up a production unit are

assumed to be exponentially distributed. Probabilities that

are then calculated , representing probable states of condi-

tion for a production unit , will remain constant over time.

The time interval for which transition probabilities are

calculated must also be small enough so that the chance of H

changing to more than one state of condition within the time

interval is negligibly small. (3)

SANS : Network Description

There are two types of network symbols utilized by SAMS

in dep icting a material flow diagram for the production

system. A square box indicates a production unit, and a

circle represents a storage or bu f fe r  unit for material

handling purposes. (3) SANS requires the output  of produc—

tion units to enter a buffer  before entering another

production unit .  However , this does not necessarily imply a

on e—to—one :~elationship.

All production process information will be described by

the inpu t data. This information includes data dealing with

production units , buffers  and pattern of material flow.

_________ - - — —-_- - -  - I±__ ~_ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -
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Data describing the production units include speed , mean time

between failure (MTBF), mean time to repair (MTTR), and other

information that is necessary for operating the unit and its

elements. Buffer data includes the initial buffer size,

upper and lower limits, MTBF , and MTTR. In describing the

flow pattern of materials, the user must provide a matrix that

states the relation between production units and buffers.

Thus , SANS allows any number of changes in the system ’s

physical structure or operating characteristics to be mani-

pulated by changing only the input data. (1)

SANS simulates the output of a production unit by using

the Markov transition matrix with random numbers generated

through Monte Carlo simulation to determine the level of pro-

duction for a time interval. Mathematical models that are

capable of calculating transition probabilities for specified

production models have been summarized by Snyder (3) from

unpublished reports (~ ,6 ,7 )  prepared at the Intern Training

Center by Texas A&I~ faculty.

SANS includes the options of cost analysis and plotting.

Data which must be included for the cost analysis option are

purchase price , salvage value , expected life, operating and

repair cost of all elements in the production unit, raw

material cost, and quality of output. Information on produc-

tion units, from which the finished product emerges, is

furnished through the mainline input data . Information

calculated by this option include total cost of production 

~~~----- - ~~~~
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and cost per unit produced. The plotting option provides

a graph for all buffer levels during production , at intervals

specified for by the user. (3)
The functions of the mainline program are: to keep

track of output , production units and buffer status; to

start and stop parts of the simulation; and to control

all program logic functions that will report on the oper-

ating characteristics of the system. After all input data

on production units and buffers has been processed , SANS

will repeatedly simulate production for the number of

time intervals in a day that the user has specified.

within each iteration , a subroutine is called which uakes

use of the Harkov transitiøn matrix to determine the state

of condition for units and rates of production tha t  were

possible for that  time interval. Buffer levels are then

determined and checked based upon the production outputs

of the di f fe ren t  units.  If either the upper or lower

limits of a buf fe r  are exceeded , appropriate production

units are shut down . Next , the probability of a buffer

failure or repair is simulated , and again appropriate

actions are taken. This process is then repeated for

the specified number of time intervals. For instance,

four hundred and eighty iterations is equivalent to simu—

lating the production process, at one minute intervals,

for an eight hour shift. Specified options are then per-

formed. This process is repeated for the specified number

~~
-
~~~~~
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of days. After all specified time requirements have been

processed , a statistical analysis is made which shows average

production, average buffer size, production variance, availa-

bility of production units and buffers, variance of buffer

levels, and production unit downtime caused by buffers. (1) 
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CHAPTER III

MULTI-PRO DUCT SIMIJLATIOIc

Tne single and the multi—product manufacturing systems

are similar in structure . Both have production units that

are capable of performing similar operations on different

products. However , the mul t i—product  manufacturing system 
L

is comp licated due to problems in scheduling products for

production , to changes in material f low patterns and to

allocation of set—up times. Scheduling products for produc-

tion is a new parameter to be considered in the optimization

on a mul t i—produc t  system. It is the objective of this

report to make SA~•iS capable of simulating a broad range of

conditions. Therefore , SANS must be able to accept a change

in scheduling of jobs for production units through input of

such information. In a single product manufacturing system,

material flow patterns are fixed characteristics; whereas,

in the multi—product system , they are dependent upon job

requirements. In—process and raw material inventory buffers

will change as a production unit ceases work on one product

and begins on another. Time for set—up procedures on the

production unit must then be allowed within the simulation.

These differences are included in the simulation for a SANS

multi—product manufacturing system.

10
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Other changes in SANS logic include decisions in

simulation control and specific subroutine requirements.

Specific production limits are assigned to production units

for the different products. When these specified limits are

reached , appropriate production units are shut down for the

required set—up period while a change in jobs and material

flow patterns occurs. Also, the need to design a specific

subroutine for each production unit is changed to make one

subroutine capable of calculating the three types of produc-

tion models described by Snyder (3) and for other models to

be included that are different in design.

The procedure and logic applications for a SANS mult i—

product program will be the same as in the single product

case except for a test to change jobs at the end of each

production interval . Utilization of Monte Carlo simulation

and Narkov transition matrix techniques in generating the

outpu t of production units is again used. Basic concepts of

Monte Carlo and I~1arkov processes and their limitations also

apply .

The procedure and logic for the mainline program are

almost identical to that used in the single product program,

except for specific changes which were previously noted.

Appendix A contains a complete listing of the mainline pro—

HraI:1 and subroutines. Figure 3.1 is a simplified flow chart

for the operations and steps that the mainline program

performs. One significant difference in the multi—product’s

— —t ~~~ -~~~~~ - -~~— _ 
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mainline program is the test for change in job s on different

production units.

All production process information is presented in the

inpu t data , and a listing of the inpu t information is given

in Appendix B. Appendix C is an explanation of information

terms used.

Upon execution of the program , SAIlS multi—product simu—

lation will Perform the required number of intervals and days,

processiny all input information and performing specified

ontions at appro priate times. Statistical analysis of the

process is performed at the end of the simulation period.

The next chopter will describe a system that has been

modeled as a ci~i, 1e nroduct manufacturing unit and how

di f fe ren t  condit ion s would make it a mult i—product  system.

- — _______ -- _______ 
— - • •
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CHAPTER IV

rIlI ip SCAF~ MO DULE A SYST I- i

~‘he SCAI-:i~ i- o dule A system is a co~itinuous production

system with captive components moving small caliber ammuni-

tion through production. (3) Four d i f ferent  types of

production units , called submodules, are used in producing

5.56mm ammunition. Figure Lf . 1 is a basic logic configuration

of the manufacturing process.

In the case submodule , brass cups are drawn, annealed ,

shaped , and trimmed to produce a finished case. At the pri—

r~er insert submodule , finished cases are inspected , and

~-aged primers are inserted. At a bullet submodule , bullet

projectiles are manufactured and fed into the load and

assemble submodule. The load and assemble submodule takes

the cases, adds propellant and joins the bullet projectiles

to complete a finished round.

For example, production within the case submodule is

performed by a series of eighteen rotary turrets, each ~iith

twenty—four tool stations. This could be considered as

twenty—four lines of production. Following the turrets is a

series of twenty—eight single work stations, see Figure k.2.

Tool failure at any rotary station will cause the production

1k

_______ ______________ T .  

- -



~~~-
.•w- 

— - -- _---- ,• - - - - ---. -•—-- -,---_ —- — - —_ -----,

~~

- 15

P 

-

~~ 

_

______________________ ~~~~~~~~~~ -~~--~~~~~~~
‘

-~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~



r”— -~~~~~n:~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

— --,---- -

~~~~~

- - - — --- - - -- —
~~

- -  - -- ••---_-

~~

---

16

oJ

4,



r~~~y~~

17

of that line to be lost; whereas failure of any single, serial

work station will automatically cause the entire submodule to

shut down and await repair. Similar use of rotary and serial

elements is made for production configuration of the other

submodules. (1)

One of Snyder ’s basic assumptions for this system was

that if a single , serial work station failed , then the mean

time to repair of this serial failure would always be r;reater

than the moan time to repair any rotary tool failures that

had occurred rrior to the serial failure. Recent  data has

shown tha t  this is not a valid assumption. Only a limited

number of rotary fai lures can be repaired in the time that it

tnl:c5 to repair a serial failure. If more rotary failures

have occurred than are possible to repair during the time it

takes tc rer~ii r one serial failure , time must be included to

repair t :~o addi tional rotary failures. This chanc:o in pro—

~ra~min~ was nod e by ::r . Pat hollifield , former instructor at

the Int ern Traininr-~ Ce nter ( ITC) ,  and i - r .  Charlie Clar l:son ,

former 30 -J- P coordinator for research projects at ITC .

In describing how ~iarkov processes are used in this

system , an operating policy for the submodules must be

assumed suck that  after a specific number of rotary failures,

the submodule will shut down for repair. This policy may

then be used in calculation of probabilities for the Narkov

transition matrix . For example , if the policy is to shut

down the case submodule af ter  six tool failures or after  any

- 
~~~~~~~~7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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single serial fai lure , then the i— arko v matrix must account

for changes in the rotary and the serial repair probabili-

ties. Table Lf.1 lists the set of mutual ly exclusive states

for the ,~iven operating policy. The design for the Markov

matrix of transition orobability is shown in Table k .2.

Calculation for transition probabilities in areas I and II

are shown in Table Lf.3.

Addit ional  produ c t s  tha t  could ideally be manufactured

by some of this equipment would include hi ,T1: explosive ( I::),

hiL;h e::plosive incendary (HhI )  and tracer ammunition rounds.

The bullet  submodule could feed lid , ~I~ I or tracer explosive

mixtures fron bulk hopoers , measure th e  mixture ond then

force feed the mix ture  into ~ projec~ iio bad :. , d000 ndind

on the specific tyr .e of requirements .  This submodulo could

m a n ufa c t u r e  all ~arts  required or ta -o completed items from

private suppliers to ho a load and test subm odule .  In

ei ther  case , the co~.Tlc~ ed pro jec t i l e s  are fed into buf fe r s

for use in the load and assemble submodule.

In cnan ~;1nd h~~•~ ~o onmulate  t~~is mul t i—product  system ,

cer ta in  assump tions wore made in the basic operating charac-

teristics of the system . I~irst , probebilities of failure

in the submodulos ’ components wore assumed constan t over

tine regardless of chan~:os in product  production.  Second ,

product ion rates were also assumed the same for all pro-

ducts , and f ina l ly , the c cr ct in ~ xolicy for submodulos

was also assumed the sane for  all products.  A system 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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configuration for this multi—product concept is shown in

Figure k .3. The next chapter will present results on

simulation runs of this multi—product system .

_____ - 

~~~~~~~~~ --
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STATE NUMBER DESCRIPTION PRODUCTION RATE

1 0 Rotary Failures 1200 rds/min

2 1 Rotary Failure 1150 rds/min

3 2 Rotary Failures 1100 rds/min

1~ 3 Rotary Failures 1050 rds/min

5 k Rotary Failures 1000 rds/min

6 5 Rotary Failures 950 rds/min

7 6 Rotary Failures 900 rds/min

o Serial Failure WI Po 0 rds/min
Previous Rotary Failures

9 Serial Failuru w/ 1 0 rds/min
Previous Rotary Failure

10 Serial Failure w/ 2 0 rds/min
Previous Rotary Failures

11 Serial Failure w/ 3 0 rds/min
Previous Rotary Fai lures

12 Serial Failure W/ L~. 0 rds/min
Previous Rotary Failures

13 Serial Failure w/ 5 0 rds/min
Previous Rotary Failures

Tatle k.1 Possible States of Condition
for SCAMP’s Case Submodule

________——-—•-_---—-• ~.~~~~~~~~ --- -~~~~~~~~~~ - 4-I.-— j •  ~ J~~ •~~~~~ -~~ ..~~~ - _ - 
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I
1 2 3 k 5 6 7 8 9 10 1 1 12 13

1 p* O~~~O 0 0 0
A

*2 0 A R E A  O p  0 0 0 0
R

*3 0 0 I 0 O p  0 0 0
E —--- -—-- —— — — —

*1~ 0 0 0 0 0 O p 0 0 
- --

~~~~~~~~ A

5 0 0 0 0
~~ 

0 0 0 O p  0 
-~~ - - -

~~~~~~~ II I
I 

*6 0 0 0 0 0 0 0~~~O 0 O D  H. 
~~~~

- -

~~~~~~~

- - 

~~~~~

-- -

~~~~~

- -

~~~~~~~~~~

7 r7 0 O~~~~0 O 1 0 — r 7~~ 0 0~~~ 0 0 0 0 
+-- ~ - - H -~~~-- - -~~~ - - 

* L *b r -~ 0 0 0 0 0 0 1—r 0 0 0 0 0 0
U 0 -

9 0 0  0 0 0 0 0  1-r 0 0 0 0

1 0 r 0 0 0 O~~~O 0 O~~~0 0 1—i j~~~O 0 0

11 
~~~~~~ 

0 ~~ 

12 r12 0 0~~ 0 0 0~~~~~~~O ’~~0~ O i - ~~ 0

13 
~.13 1 

~ ° H ° °  0 :

Table k.2 Markov Transition Matrix
for SCAMP’s Case Submodule

- - — - -~~~~~~~~~~~ —- - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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AREA I ( 1 �i�n)

= (2

~~~~~~~~~~
+1)  

~~~~~~~~~~~ (1~~~~~~~~~
)
2k i+ 1 

( 1_ p

*

)

AREA II ( 1 -�i � n )

j = n-H = 

~~~ 

(2~_±+i) ~~~
1 (1 )2L~ i+1 ( l p*)

j  = n+i+ 1 Pu = P~

whore:
o = Pr(rotary failure in At)
* 

Pr(serial failur e in At)

for calculation of r~ where ( 7 � i S l 3) :

r; = Pr(6NTTRr 
+ GJOG + TSS)

r~ = Pr(I—ITTR5 
+ TSS)

r~ = Pr(Max ( I•ITTR 5, 1SITTR r + j0~~ + TSS)

r10= Pr(I-1a~(i~TT1~5, 2NT 11
~ r + 2JCG) + TSS)

r11 = Pr(~~a~.~(i T1~R , 3~TTR + 3JOG) + TSS)

r~2= PrU :a;-~( I•ITTP 5, L
~~fII~r 

+ L~JOG ) + TSS)

r
5= 

Pr(i-i~x:(-iTTR5, ~NTTh r = 5JOG) + TSS)

where:

= moan time to renair serial failure

MTTRr = mean time to repair a rotary failure

JOG = time required to turn turre t  for
— tool change

TSS = time required to star t and stop
submodule

Table L1.3 Calculation for
I-~ar::ov Transition Matrix (Table k .2)  

-, _ - - _ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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CHAPTER V

TESTING

In validating SANS multi—product programming , hypothe-

tical conditions were assumed that required the SCAMP system

to produce one minute ’s production and then shut down appro-

priate submodules for specified set—up periods. Minute by

minute status printouts were made and analyzed to validate

that th e simulation was performing satisfactorly. Different

conditions were assumed , for example pur poses , that varied

buffer sizes, frequency of job changes and different set—up

times. A common com parison time period of one week was

selected.

Differences in the three controllable production para-

meters consisted of two levels in each condition. Large and

small ouffer levels reflect the different upper limit values.

A small buffer case consisted of an upper limit of twenty—

five thousand units, while a large buffer case was represented

by fifty thousand units upper limit. This meant that produc—

tion units feeding these buffers would be shut off when their

limits were exceeded. Differences in job frequency dealt

with a low frequency situation , approximately one change in

jobs per day, while a high frequency case consisted of

- — ._ 
- ~ - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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aoproximately three changes in jobs a day . Short and long

set—up times were listed as ten minutes  and ninety minutes

between jobs , respectively . These times were set equal for

all machines that required a change in jobs, although they

could have been specified d i f f e ren t ly. Using these d i f f e r en t

conditions, six runs were made for comparison . The same 1 
-

random number streams were used in all runs so that operating

characteristics of production units would coincide and

e f fec t s  of controllable production parameters upon the system

could be observed. The six runs previously mentioned were:

1. Small bu f f e r  Limits; High Frequency
in Jobs; Short Set—up Time

2. Small Buffer  Limits; Low Frequency
in Jobs; Short Set—up Time

3. Large Buffe r  Limits; Low Frequency
in Jobs; Short Set—up Time

L~. Large Buf fe r  Limits; 1iij ~h Frequency
in Jobs; Short Set—up Time

~~~. Small Buffer  Limits; High Frequency
in Jobs; Long Set—up Time

6. Large Buffer  Limits; high Frequency
in Jobs; Long Set—up Time

Appendix D is a listing of the statistical analysis on these

different runs and Table 5.1 summarizes parts of these

reports.

Some of the- differences between runs were as expected

when controllable operating parameters were changed . For

example, a lengthening of set—up time was expected to in-

crease the cost of production. This was verified by noticing

• ___ — - — —-5 -- — • -— --- --
_ _ _ _ _ _ _ _  — ~~~~~~n—~~----- ~~ —-~~=~~~~~~~~

—- — —
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RUNS

1 2 3 4 5 6

Cost Per Unit 0.04 0.0/i 0.04 0.04 0.054 0.054
Analysis

Average Unit
Production/Interval

Unit 3 196 352 367 362 279 2~J1

Unit 4 187 342 357 356 2T5 2b8

Production Unit
Avai labi ii ty

Unit 5 20 36 37 37 29 29

Unit 4 23 ~2 43 43 t 35 

—--- --- _—- __

Unit Do wntime Due
to 3uffe r s

Uni t 3 60 32 29 26 16 13

Unit 14- 49 11 6 9 - 7

foole ) . 1 Partial Summary of Information
Contained in Output  Reports

—— ——-.~~~~~~~~~~~~~~~~~~~~ -~~~~—~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ --- --5—
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the difference between uni t costs for the d i f ferent  production

runs involving short and long set—up times. Another differ-

ence was noted in average rate of unit production per time

interval, production availability and unit downtime due to

buffers between run one and runs two through six. These

differences would warrant further analysis, under normal

circumstances , especially since Snyder noted that changes

in buffer  limits were insensitive to systems performance for

the single product case. Changes in submodules and buf fer

re liabi li ty , as well as probabilities of failures, can be

made and analyzed for comparison of operating characteristics

on d i f fe ren t  production systems. Similar procedures of

optimization for controllable production parameters may then

be applied , as Snyder and Chu have already done for the

single product case .

___________ _________ _______ -~~ ~~~~~ -
• ~~~~—— —_- —-— — ~~~~~~~
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CHAPTER VI

COHCLUSIONS A l—I D RECOI~ 4~ NDATIOlJS

Ti~iO object ive of this report was to extend the SA1~S

single product manufac tur ing  system to simulate mult i—product

production systems. Chapter II described functioning

characteristics of dAi- 5 , in the single product state.

Cnaoter III compared single and mul t i—product  systems and

included a discussion of changes that  were necessary in

developing the mul t i—product  simulation system. Chapter IV

contained a brief description of a single product produc-

tion problem that has been studied by Snyder (3) and by

Chu ( 1 )  and described theoretical  changes that made it a

mult i—product  problem. Chapter V compared and listed the

results of six different simulation runs on SAHS multi—

product manufacturing system.

The example, SCM-il~ simulated as a multi—product

manufacturing system , showed the functioning capabilities

of SAIiS in a multi—product system , yet there are additional

changes in the programming that would make SANS capable of

handling even more complex multi—product systems. For

example , it is not always desirable or possible to have all

products produced at equivalent rates. Some products may

28
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take longer to have similar operations performed by the same

equipment. Also, as production units change jobs, the

probability of machine failure does not remain constant.

Methods for analysis and optimization , as used by

Snyder (3) and Chu (1), may be used ~n making SAl-IS a useful

and valuable tool in the evaluation and analysis of varied

production systems.

1~
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APPENDI X B

DATA INPUT

Field
.:,~ -er Variables Format Length Comments

1 ::, i~~, ::J, I1-~TVL , 15 12 Right han d
JSi:Iit- , ::I:T , NPROD, jus t i f ied .
: . iAY S , JPL~ ’~, i-~PRI’IT ,
_ .i~LO !’, IX

::c:-:~ ITJ CLC~-~~V , i~Di-iKV , Lf12,2x , Information
Pc~:-:~-:v, i11~T~- K V , to handle
sNiIu :-: , SI-:TYP~ , 212,lx , subroutine
~~~~ IX 13A2 ,L1.x ,15,5x , I- XVI3LD in

312, LfX , generating
LIMIT(J ,K) 3F5.O MarI:ov
Ap,proprite 1-lodel transition

Data (‘b y Model) ~~ trices.

i:ext ~~ (~~, I ,J)  F6 .O i.~ —

x
i-:J

Next 1 ISTAT (I ,J) 12 N Right hand
justified.
Defines
initial
I~-Ia.rkov
state for
each pro-
duct ion
unit.

Next 1-lB i- FAIL (N ,I,J) 12 N Right hand
X justified.

N ext 1 BUFF (1 ,J) Fb.O NB Sets
initial buf—
for levels.

Next I ULIM (I) F8.O NB —

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- ~~~~~~~

‘ — ‘  ——-- -- - —  — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘—~~ 
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~~~~~
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Card Field -
Number Variables Format Length - Comments --

Next 1 LOLIM ( I )  FE- .O NB —

4 
- -

:-:oxt 1 BPPOB (I) F8.O i-~ii~ —

Ne:-:t 1 BMTTR (I) F8 .0 NB —

N ext  1 A~~JUS ( I)  F8.0 N -

:~cxt 1 SNN (I) F~ .0 NB — 
-

~:c:-:t .J SETUP (j , :-:) F~ .O N —

I

-- -- - - ‘ —-‘--- .- - - ‘-- -- -- -  —s-- - .-_-_.,,-_,--__ _- .__--_ --- — ----.---~~~ - — -—
~~~~~~~~~~~~~~~~~~~~ r --- .--‘ -‘~~~

_-— --.,- ‘, . ,.
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— I

DATA INPUT (Continued) 
—

Cost Analysis Input (Optional) ~

‘

Card Field
1-lumber Variables Format Length Comments

Next 1 DAYS , SHIFT, XIOT , F8.0 —

PDAY

Next 1 PRICE ( I)  Fb. 0  N —

Next 1 PRICB (I) Fb.0 NB —

N ext 1 SALV (I )  Fb .O N —

N ext 1 SALVB (I )  F8.0  NB —

Next 1 YRS (I )  YN. 0  N —

I- :ext 1 YNSB ( I )  F~ .0 NB —

N ext 1 GOPNR (I) Fo.0 N —

N ext 1 COl-BU ( I )  FL- .O —

::e:-: t 1 ci~
’-~:~ (I) i’~ .0 N —

:~e:-:’~ 1 cI-~-~:~ ( I )  ‘~.o —

::c::t 1 (N-N~iL (1) F~ .0 
—

::e~:t 1 C INV ( I )  F~t .0  —

i:cxt 1 P~CN (1) Fb .0 —

:,ext 1 NF ( I )  :‘~) .0 N —

;:e:-:t ~-: ~N ( I ,J) F’N.O ~-: —

_____ - 
—‘
.~~~~~~~~~~~ --- 

- —
~~~~~~~~~~~~~~——
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APPEN DI X C

COMPUTER PROGRAM VARIABLES

Mainline Program

Variable Description

ADJUS ( J )  Percent of pro duct ion unit J can be slowe d
down or sped up.

AVAB (I) Availability of buffer I.

A (K ,I,J) For every com plete unit of out put , the number
of items production unit J contributes ( + )
to or depletes ( — )  from buffer I during job K.

AVAM (J )  Percentage of time product ion unit J is
operating.

AVA~~ (I ,J) Availability of product ion  uni t  J on day I.

AVGPR (I ,J) Average pro duct ion of product  uni t  J on day I.

AVGBU ( I ,J) Average level of b u f f e r  J on day I.

AVAI’-N3 ( I ,J) Availabilit :,- of ~- u f f e r  J or ’, dci- ’ 1.

BUFF (I ,J) Number of units in ou~~ er J at the end of time
interval I.

BMTTR (I) Mean time to repair buffer I.

BPROB (I) Probability of buffer I being operable .

BPRO C (I)  Probability of bu f f e r  I being repaired in one
time interval.

DOWN (I ,J) Percent of time production unit J is down due
to buffer level or failure on day I.

IFAIL (I ,J) Logic parameter set to 1 if production unit J
is to be shut down during time interval I due
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Variable Description

to buffer level or failure; Set to 2 for shut
down due to set—up procedures; Otherwise 0.

IBFAL (I ,J) Logic control set to 1 if buffer J has a
r- ,chnical failure during time interval I;

cherwise 0.

ISTAT (I ,J) Matrix state which production unit J is in at
the end of time interval I.

INTVL Number of time intervals plus one that are to
be simulated.

IX Random seed generator for buffers.

JPLOT Input parameter equal to 1 if a plo t of all
buffer levels over time is desired ; otherwise
0.

JSKIP Input parameter set to 1 if a cost analysis is
desired; otherwise 0.

KFAST ( I )  Logic control equal to 1 if production unit I
is to be sped up during the next time interval;
O otherwise.

KSLOVJ (I) Logic control equal to 1 if production unit I
C is to be slowed down during the next time

interval;  otherwise 0.

i—EN (I,K) Indicates sequence of jobs 1-~ that are to be
produced on production unit I.

LIMIT (I ,K) List the pro duction limi ts that production
unit I is to produce for job K before changing
jobs.

LOLIM (J) Lower limit of buffer J.

MFA IL (I ,J) Logic control equal to 2 if production unit J
is to shut down when buffer I fails or over—
fills and equal to 1 if production unit J is
to shut down when buffer I fails or runs dry;
otherwise 0.

N Number of production units in process.

NB Number of buffers in process.

NJ Number of jobs to be produced.

I 

_____________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Variable Description

NDAYS Number of days the simulation is to run.

NINT Number of time intervals between printouts of
current production units and buffer status.

NPPO D Number of time intervals between printout of a
complete summary of production unit and buffer
operation to the present.

NPRN T Number of time intervals between points on the
plots of buffer levels overtime .

NPLOT Frequency in days of plots of b u f f e r  levels
overt ime .

PRO D (I,J) Output of production unit J during time
interval  I.

SEN (J )  Percentag e of total  b u f f e r  size to b u f f e r  J
added to and subtrac ted  from its lower and
upper limits respectively. If the level of
b u f f e r  J fa l l s  outside these new l imits , the
production units  connected  to b u f f e r  J are
sped up or slowed down appropriately .

STDEN ( I ,J)  Standard deviat ion of t h e  output  of production
unit  j  on day I .

STDEB (I ,J)  Standard deviation of the  level of b u f f e r  J on
day I.

TPRcI D ( J )  Total ou tpu t  of product ion uni t J .

TFAIL ( J )  Percent of time production unit J is down due
to b u f f e r  levels or mechanical  failures.

JBU FF ( J )  Number  of time intervals  b u f f e r  J is down due
to mechanical  failures.

‘I’LXD ,’i:-: (J) ;;un ’oer of time intervals  production unit J
has zero production.

TOTPC ( I )  Average cost per unit  of outpu t on day I.

TAVG ( I )  Average outpu t of production unit I over NDAY S.

TAVA~-I ( I )  Average availabili ty of production unit  I
over NDAY S .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 

_ _ _ T~~
=_

~~~
__
~~~~~~=

:__ --- ‘ -



-— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Variable Description

TSTDM ( I )  Standard deviation of production unit I over
NDAY S .

TTDAN ( I)  Average down time of production unit  I due to
buf for failures or levels over NDAY S.

TAVGB (J )  Average level of buf fe r  J over NDAYS .

TSTDB (J) Standard deviation of the level of buffer J
over NDAYS .

TAVAB (J) Average availability of buffer J over NDAY S.

ULIM (I )  Upper limi t of bu f fe r  I.

XX (J) Random num ber gener ate d in determining out put
of production uni t J.

VY (J) Random number generated in determining opere—
t ioning s ta tus  of b u f f e r  J.
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COMPUTER PRINTOUTS
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I~I, i F I ’ E - ’ A”II) (jI,~IT O I S l ~1 I B u r l iIN T4I3 Lt~

J IlL ’ 2 
‘ 

—

l’ i’Utl l(JC I III’ I UN I I  
_________________________ __________________

1 2 3 1
’ 

-

- -

—- 
I I.0~it ’ — 1 . -i-JO O.( 0.0 

______

—- - 
2 ,,I.’) 1.0)0 (ha) — t . O ’ J C  

_____ ___________

3 ~~~~~ U.~~h 3.0 0.0

4 (-.0 0.~~ L . u (t — I . 0 U D _~~~~~~~, ,  I’ -

~ C . I )  ~~~~~~ 0 .u  0. 
— - —  _____________— I -

-‘  
C L t U ’ t ~ - —  —~~~~

1 , 1 1  A N t  130F f Fa . NIh D I R E C T L Y  C11-’~NEC lED
I- S i t  I l-  - U . ,‘ a I - l ’ L j a . t j a . , -~ L F  L I I ’ , I T  P’~LIUUCTI U’4 40010 10 BUFFER. - -

, , t  I I V I  , t U , j-’I~ iI?’j RT jI,,h’l IJ F 11-41, 1 PRhJDUCTItP~I TAKEN FROM BUFF ER

BUFF ER A -~ L I I \ I T  O I S T ~~It3k J t ID - i  T A B L E

,,J , l I 1  3

P , I t I a -  11 Ii’) IJ ’ U I I 
-

1 3 ‘a
IlUf a’ a- —1

1 1 .0 0 -  — 1 . 0 ) 0  0 . 0  0 .0

7 J , I) L . o  )~ I J.u — I .~~ ’~ )O

I 0 . )  a - J . ,, I ).Cl ‘h’)

4 u .C,) 0.0  0.0 (J • i’) 
- -~~

S ‘hi’ -~~.-i i 1.0 ,-i — 1 . 00-)

C (‘ - ‘ F

U~~Il A’~I IJUFII’ ,( -‘itJ I O I N F C I L Y  CIh ’t -~E C T F.D 
-

P - ’ ~ 111 ’ ! - .0. 
— 

“ ~ U , ”I)Rt t t ’ l Of UN I T  PRO DUCT ION AUOE’a.j TLJ 13UFI-ER.

~ I- ,PaT IV - - t ,’!. 
- 

F’,~ )a ’Ua -(tI (IN Ut’ U N L I  PRODUCTION I6KE (’ fROM CIUF FER

For Puns 1 through 6

_____ ~~~~~~~~~~~~~~~~~ ~~
_.) _ _ _~~~- - - - - --~~~~

—_ ~~~~~. ~~~~~~~~~~~~~
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1 (51 A I I A L Y S I S  _______________

DI I  T 1 - S T S  A U l  S T \ I I I S

‘ J r  ,~~l~~c4 I~~c~ S - ~~LV  ‘‘ ,i, ~X P0L lEt ) SH IFTS - 
NO. O P E R A T I N G  

- - - -

NUP’ - b t R  P- l I Lt  (~~) V A L I I 1~~ ) 1 I F I - t v ~~S )  PtR DA Y DAYS PER WE EK 
-

1 (-~~~) i~~ - ’I . ). 1-1 .1 , 1.0 5.
2 ~,‘)I,)(- 0. b. 1- ~ . 0 1 .0 5.

I-J.u 1.0 ,. 
-

I ( J
~ 

i . • ‘). 1a- J. t .  1.u 5.

l i - ~ i t  CI ”~ 1 ‘ i f C - t S T  (IF 
- CO S T OF R A W  ‘ QIJ 4 I ITY OF

MO F R  U1’L- ( - ~ r t  ~~;( ~ / i t ’ ~ I M A I  1fl1 ;~~ ~~~ ( $/ I ta ~ ) f A I L R  141St  ~~ PC) o U T P U T

0.1) - -~~ - 
u.Q 0’17 - — 

It. ‘)‘i2 _~~~,,
- (- -4 . ’)”- 0 .0  0.0 

-

1 i t . u  (1. 0(123 0.’~46
4 4 1 .  I I  0.0 0.0027 0.999

C S  I SUE”’ ~~I~~v I I t

- 1 1  L i ~ T t I II ’S I ‘ I C0~~l II C O S I LI F 10TA~
iF - a a- - p ~ 4 1 ,,I ,~

, I l -
~ ‘ - t .  I •It. -~A U~~F 

- 

~ A N ~-~~T FR I AL S OPE~~A T I  ~G CUSI 
-

I I ‘“. 4 i . a -’ 
- -  

1 140 .60 
‘ 3b0 .72 3839 .40

2 ~~I”i. (- II 1 .)  ~~.0 2b4.~’5 - — 52’~.91 - - -

I ~~~~~~~~~~~~ 
1 , 4  

- 
‘.54 .64 

- - 
2~,4.5) L odO. IO

- ,  t ’ ,I~~~~’ l t  u. n ~~3 1 . 5 7  7~~4. ” 3 1146.09

i t I~~.UI1 ~~~~ 2Cl26.80 1154. 30 7196.10 -

For Runs 1 through 6

_ -‘_—_ _ _ “——_ - “ _-_ - ._ _ ‘_ ___—____---~ __•~
_ _ .a’__ ___ ,__ __

~~:__•p__ _ t_
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- 
( l I S T  A N A L Y S I I ,  

______

(‘II[ i~ C’ l . T s  4 4 ’  S1: ,rus 
- - -

I4 I t E i 4  I ’- ’~C. i t \5E S A L J t -~,L 
- 

FXP ECT E () S H IF T S  
- 
NO. OPERATI NG 

-

~.LJ i- - ( I~ P- ’ I C i ( L )  V A I - t . ( t .)  L J F E ( ’ R S )  PFI-L DAY DAYS PER WCLK

I 
- 

‘.‘)O~~’ . U. 1(’.~ 1.0 5.
/ ‘- a ) -  

~~~
. . U. )(1 •( 1. 0 5. 

- - —- ‘3 ‘.) ,J a - - - (’ . 0. I0.~ 
-- 

[ .0  
- 

5.
‘a ‘ - i  ~ - - . 3 .  Ia). 1.0 

- 5. —
. - ) )~~~~~‘. ‘~~. 10. 1.3 

- 
S.

- t  I Sf oF C t S  I ~It~ o C S T  IF
i i  -( ~~~~~~~~ .1 ~/ I ’ )  ~~~~~ a TL ’ .,’(- .4_ F l  ./H ( ) ISV1-\1 ,)RY (%—I)AY/ I’C )

‘1 I_I .)  ‘J .U 0.t )
(J~~ I,- 0 .0

I 1 . 1 J.(’ 0.0
- , I,- • I) I~) • C, 0. 0 

-
0. 0.u

LI , I ‘, 10-U ’- - -s Y I I

F t  ( a-- ’ ’ - I a- 1 1 1 5 1  jI C i S  I UI COST (IF T I )  TAt.
LI I I -  -~ 1 ’  i ’ r’ , i l A I R  - - U  a l l  , - ‘, . t . ,  t i ’ r~~-’, I I ~~G lN V F N I O R Y  dU STS

I Ii i. ’,, i . 3  0.1) 0.0 ~~~~~ 1 5 4 . ’aS 
-

1 ’ .’ ).4 1 .0 0.0 0.0 I5~~.’~5
I 1 0 4 . ’ a  -1 .0 0.0 1)~~3 153.~~5

a o.-
~ 

‘1.0 0 .0
.1 O.lt  0.1) — 

l ’,3.t35

It’, ,.).3 ). ‘ , 0.u 0.3 
- 

169.23

I .~ , l (  I-) Pa -  ( 1 4 11 (1 • 4 )

For Runs 1 through Lf

L 2 .

I

- ~~~~~~~
‘
~~

--
~
-r-

~~~ -z-i~~~~~~s _ _ L 1 L~~~~ l~~~~ - 
- 

~~
—

~~~~~~~~~~
-- -i---- - 
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C O S T  ANALYSIS 
_____ ______

I4U~~I ER C - S I 5  a’’.l) S I A I U S

Iia.~ I l~~~ I”( J ’~C l I , t S L S A t .~~~A’ .I: IX P ICI El) S H I F T S  NO. O P E R A T I N L I
~ (-) r- ’ I~~~,4 P”~1Lt, ( I )  V A L U L (~~ ) l,It- 1I’v R S )  PER DAY DAYS PER ~ F.EK

I ‘.J~~a- ’3. U. lu. ’ ’ 1.0 5.
1 “- 1-H o. 0. 1’) .t 1.0 5.

10.11 1.0 5.
4 4 0 j ( ’  ‘a. L . 

- 
1C .~ [ . 0 5.

‘a) ja - , ) l ~ I • 10. 1.0

1101 1 1 ~ t -~~~T LI 4 _ ( 3 5 F  III 
- COST CF 

- —  —

~I I-  t~~~’~ I ~~!-‘, ‘(-4 II , ., C I / I a  (I I’IA 1110 ./1 ~Ct. C t II4,”( ) I r iV E N fOR VI t— PAY /PC )

- - 
‘ho 0. 1.) 

-

I (~~~~~l 0 .1)  1 .0
4 0. _ I I) .(I 0.0
4 La. ’l 3.0 0.0
a-’ I- .” ‘hO 0.0

to - l i t  I ~~‘ 5 F  ‘- -I L , t S T  ~ CO ST I)~~ C O S T  OF - T O T A L
t i U - ’ 0 I I t ‘ - i t  4 , 1 , 1  J ? 4  ( ‘A l  l it -  I’( ’IC L lJ,’F~~ A I  J ’ ( ’

~ I - N V F N T O R Y  C O S T S

1 
- 

1 .5 . -’ . U . u  0.0 
—

~~ 0.0 
- 

15 3 . 8 5
/ 1 3 .i .i l~~ U~ - 

(l.Q 0.0 
-

~~
‘) ~ • t’ ’~ 

- 
0 . ” 0 .0  0.0 15 3 . 1 3 5

I i  1. - ; ,  1 .0 0 .0  0 .0  153 .14 5
I ’ . ~~~~~ ‘) ~~ 1 Cl. , )  

- - 
0.0 

-‘ 
153.85

(ta- g .fl 0,0 0.0 
- 

0.0 
— -  

769 .23  
—

(. t ; S T C 1 . J I’ Lp( 13 , 1 1 .  (t .a- ,~~4

For Runs 5 and 6

, .~~~~ 
‘,_~._..i____-_-___ -‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘——--~~~~
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A V .  (A ( . - 1 1 ( 1 1  P - ( U L J C T I O N / I N T E R V 4 L  

- - - -

L15Y C a - S  1/u • I I I  .1 
—— 

1 
- -  

2 
- - 

3 
- - 

4

‘ J . t . ’ a  ‘a 10. 440. 400. ‘a L a .
2 - 

1 1 . - f .  
- 2 132 .  — 26 5 .  2 7 7 .  231.

86. 54. 33. 21.
4 (I~~~( -, 

- -- -- 
1944 . 165. 

- -  
135. 

- -  - 
133.

5 1’.’ 1 21)0. 168. 135 . [35 .  
- - —

247. 2144 .  196. 187.

I’ RIJ I t lC T I I I ,  t)F V I A T h U N

h A l  I 
— 

5 
- 

A 
-—

- -  

I 
- —  

-, -j a~ . 5 5 5 .  4113.  4113 .
7 4 , p , ~ 4., I. 442. 311.
3 ,‘~~s. 2?.. ill . 130 .
4 3-, ’a. 3 -l(,,. ~~~~~ 3~~-

- 
5 ‘aoi. s it,. s~~a . 3(16.

— — 
-
~~~ 

- 
a-4,I~~, M 3 [ .  721.

) ‘ t - ( t l t , t IC T Ill’ -, D I I I  A V A I L A I S I L  I IY

I 
- 

2 
- - 

3 
-

~~~~~~ ‘a 
—

1 46 .  41. 41. SI).

2 213 . 24. ,__ 29.  - 
28 . -

3 ‘4 .  ‘1. 3. 3.
4 2°. 1’ .. 14. - 16. -

5 70. 
- 

1. . 14 .  16.

2’.. /0 .  /0 .  2 3 .

- 
U’411 ( ‘ , .~~~ ) I’( L 0111 T o F I U F F L R S  

-

I ~
‘ 

- —— 
3 

- 
4 

- - - - - -

----F- 47. ~~? .  19. 2.
2 ta.. 51. 41. - 

0.
- 
3 ~

,) - )
~
, ‘1 1. (~5

‘a 15 .  113. 11. 
- 

it, . -

‘~ 14 . 67. 
— 

7 1 . 11.

- 
A V E - A - 1- I I J F F E R  S h E

& A V  1 2 
-- 

3 
- — 

4 
—

1 /3?) ,. ‘16n. 11 145. 1316 . q’139•
2 /4 ’.? 4 .  ?,‘‘f 5’.. [‘aJ’Ib. 151’)? . 12’~R5.
3 j415~,~ ?)4~~3. Lu uIhO. 3o3 . 250 139.
4 / 3 1 3 0 0 .  7 2 7 5 1 .  2 1 54 0 .  54 3 1 .  4 140 .
5 17 4 . 3 3 .  201,713. 57613 . 11160. 4303.

? i 7 a -’ l .  ??b ~~O. 12 91,19. 111 81 . 11291.

For Run 1

- ~~ 
-

~~
-

~ ~~~~~~ -- ~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____
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0(J r F a - ’4 it r J l 4 T I U ~ 
- -

DAY 1 2 4 
-

— 
I~ ilI ~~ 4, ~ ‘ I e , 1 .  3 141. l ?2 t3 . 3668.
2 2 56 -3 . ‘. 1 - 1 ! .  (.411. 6611. 231 .  -
.3 44’. t. ’l . I1I’ . 3. [Is? .  2437 .
4 i~~I3 . - 

0 5 3 3 .  t. ’.’)2. 32~~. 166[.

~ ‘‘ 114 43 . 1) 13.  9” ’~L. ~‘ ‘~~‘~‘a. 4 36.

it. 41 . 152 ,11. 13- 124 .  121o2. 8B~~~.

l4li F fa) p 4 A~~A IL 4a3 I L J I Y  
- -

L A Y  I 3 4 5

1 ~4. U0 . 1)O . 1 00-. 11)0.
2 lOu . Iou. 100. 10(1. 100.
.3 10) .  lUiC. 135 .  ICO .  100.
4 11. 100. 95. 101). 11)0.
U~ [Di) . 95. 100. 100. 100.

ill . I’) . 913. t o O .  100.

For Run 1

______  - - 
~~
- -- -

~~~~~~~ ,- -~~1 ----- - --——‘--~~~~~~~~ —
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A I~’l-U -Ua - a - , L U),! I PkIlI)UC1 1 (aN / 11 1 T t - R V A L  
- -

- 
f lAY CUS T/IJ SI I I I )  1 2 3 4

0. Ios 410. 4413 . 416. 420.
2 - 0.0’. 3? (a . 294. 2135 . 264.
$ 0.04 47 11 .  439. 411 . 406.
4 ) .~~~~ 3 13 -3 . ‘4513 . 340. 323.

- - 
S U.u ’~ 354 . 328. 312. 297.

(J .4,t ’~ 3 4 4 . 3 7 3 .  352. 342.

- 
PRCI)IICT 1 1 1 4 O E V I A T  lUll

CPa -V 1 / 4 4

— 
1 St)t’.. ‘~ 5 4 .  ‘.1113. 4 1 7.
2 ‘as’.. 4 13 f .  

- -- 
4 4 5 .  390. 

-
3 ‘aPI . 5 3 ’,. 4i15. 4113 .
4 49~~• •,r~ j~~ 4 , l.  399.
5 ‘.13’ ) .  Sot. ‘.50. 40 1 .

1044’;. 1141. 1047. -405.

PlhhiIi;L T I t - -I 111,11 A V A I 1 A J 3 I I I T Y  
-

D A Y  1 
— -  

/ 
- 

S 
- 

4 
-

1 47. 61. 42. 51 .

— 
2 33 . 27 . 

— - 2Y. _ 31 .
3 4? . ‘,‘~). 42. 5(a .
‘a 19. 3 5 .  35. 41.
S ,s4 .  30. 32. 35.

41 t . 54. 36. 4?.

— - —

~ U~1 II (Uk ‘IT! ME OU t Tu b U f F E R  S~~
’

- ‘ 1 2 
- ‘ — 

3 
- - 

‘a 
‘ ‘ —

1 45 . Sd . 19. 2.
- 2 - 51 . ~~i•  A~~ (a.

I 45. 34. 113 . 
- 

3 0.

4 - ) ? ., _ _  S’ i . 2 9. 21’ .
S sS. 1313. 49 . 5.

51 . ‘jC. 32. 11 .

4 V 1 l A ~,i I1I,IFFER S h E

1 2 ‘a
’

— 
1 2/do? . l a ’ 1 h j T O j j b b , ~~7 a’I’i u. ? ~ ‘‘~~(- .  

- I0Uuu. 27171. I’)OOO.
.3 /1 ’.fl. It- ill,. 11244 . 313 13 . 11227.

—- 4 221305 . 2 “12. 2540. 141113 . 10000.
5 2 ? L U .  24017 . 6034 . 27373 .  10000.

- —  
£ / .‘ (d . 2/ )tS . ’ 014. 14189. 1U24S

For Run 2

-

~ 

— ~~- - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~—
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11 ,1 I- L l’~ tar- ; I - ’.I 1U1

(4Y 
— 

1 3 ‘a 
- - 

S 
—

~~~~

1 ~/ 3  I. t. ,-”s 7 .  (43’Jl• ?7sl. U.
I 5 44 )34 . 4/- i);. 0. 485-3 • 0.

3 5411. l I la? . 4182. 
- 

151. 7051.
4 504 5 .  ‘.1 47. 

- ?7 3L ,. 671)? . ~~U . -
S sOli. .32,1,3. IsS.  4 7 5 3 .  

- - - 
0.

— 
1 1Su~~.

’ 1 - /  sz. ’E ~äb~n. 1051.~
’
~~~

’

I5llFF ! . I~ ,\V a - f t A 1 3 I I I  TV 
- - -

- -  
U \Y~ 

- 
1 7 

- 
3 

- 
4 S

1 ‘1 4. 1 ).). 100. 100. 1’,)~).
2 LOll . 1 )0. 100. 101). 100.
3 t-)o. Lou . ‘3. 1 00. 100.
4 

- .4 1 .  
-- 

I ij . ‘Ii. too . 
- 

100. 
—a-

’ l i i .  -.45 . 100. 10-). 10-).

.g IJ •  .4- i .~ 96. 100. 100.

For Run 2

~

‘ 

~: —- ,

_____ - — ______ —  _______
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AV ’ 4A%.,t D I I I  P400I, CTLUN / !,9TESVAL 
—-

DAY CJST /U4 11 II ~ ) 
- - 

1 
- - - - 

2 1 4

~~~~~~~~~~~~~~~~~~~~~~~ 4 . 430 2 3 .
/ 

- - - 
13. 1 5  317 .  32 13. 295. 282.

3 u.U4 5513 . 506. 444. 454. 
-

- - .  
4 

- - 
0.u4 

- 455. - — ‘.11. 375 . 
- 35$.

0. 05 311.  319. 293.  267.

O.u S 455. ‘.0~~. 367. 351.”’

P4 ,,J ,)t l I . I 10 1  I ) L V I A T  IOU ; 
-

DAY 1 2 3 4 
--

1 502. ~ 5i. ‘.118. 4 1’.4 .
2 4 4 4 4 .  

- 5-13. 450.  S i t ,. 
-

3 44%. 5. 4 139 .  4 11 .
4 ‘.5,’. 

- 
67~~ 4(7. 40.4. 

—
, 4 ’ i L .  4 ’~3. 4’.’). 39 1.

C l o t .  11 1)9. 1)154 . 900.

- 
l’lkll’l& I L T I I L ,  (I ’l l I , % V f , I LA P a I L  I T Y  

-

(lAY 1 2 -‘ 4

1 51 . 43. 44. 5!.
7 .5 4.  3 - I .  30. 34.
.3 513. 41. 45. 54.
4 46. 

- 
39. -- 

313 . - 45.
a-, 36. 2). 50. 32.

‘s o.  3 5 .  37. 43.

- 
(3U4 1~ UUw ;1 IME (JI lt 1,~ 15011 ER S

061 1 5  6 
--

1 42. ss. 1~~. 0.
2 48. 5?. - 

4’). 0~
S 3 . .  24 . 16. 21.
4 %4. ‘, L .  22.  .‘. -

s ‘.2. (.4. 51.

— - - 
42. 

— 45 79, 8. 
—

~V 1I4 P,0’ 8011- 1, 4 S I / I 
- 

~~

‘ ‘

~ 

—

DAY 1 2 3 4 5

1 4 , 1 34 8 .  4 ? S I I 1 3 .  331,70.  74 5 1 ) 0 .  25000 .
7 46197.  4 ’ 1 2 5 .  25000.  ‘.4R ~~4 , .  25254 .  -
3 4511? . 3L.’~3C. /1785. /3555. 217013.
4 3- 21s. 4 6 e , s 4 .  11/66 . 11-’. 1 9. 25000.
5 4 4 7 76 .  4(, So? .  ~ su -Ju .  ‘.1313 0. 71442 .

4 7 5 4 9 . 47552. 24344 . ‘ 3 124. 213013’ ).

For Run 3

_ _ _ _  _ _ _ _ _ _ _ _-_ _- — - - - IT
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- 
IJUFI 1.34 LILy IA! Iii?’) 

- ‘ -

U A Y  1 
- - 

2 
- 

.5 4 
- - -

1)

-- - 
1 (.1.. 1. ~- -‘/4. 11 3’)’i. j ~~~~~~

’ ’
~~~~~

”

- 
2 S7~~,s. 14’iO. 

- - ~0. 1553 . 1727 .
.3 13(11. 1(1130 . 3031. 

- 
64. 100 Th.

-~~ 4 113’i ’,i. 64 u ? .  9014) . 10744. 0.
5 1 3 4 4 7 4 .  7 4 1 o .  0. 12969. b436.

2~~ios . ? 2 s d o. L 4 $ 7 o . 1f l 5 l 3 .  T1~P~ 

t% U1- FLR A V A I L A I 4 I L  f lY  
—

DAY 1 2 3 5

1 
- 

9’.’ 
— 

t oo. 1u0. 100. 10’).
2 1(40. 1’)?’. - -  

100. 100. - 100.
1 100. IJo. !~5. 10(1. 100.
4 o7 .  1(10. 95 . 10). _ 10’).
1) 100. ‘41). 100. - 100. 100.

For Run 3

_________ _____ -
- - - - 

. “~~~~~ ‘ - - ~~~~~~~~ ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ .-:~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- --
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A V ’~& 4A ~~f t i l l I P!),i1)IJC 1109/1 - 4 I~~R V A L  
- - —

- 
L A Y  o u s r/ u ’ . 4 I r u .  1 7 ‘3 4

~~~~ O.o4 49o. 3. 4iO. 4Q2~~~
’ ’

2 u .ss  3 3 7 .  2 133.  285.  230.
3 

— 
(. .,j 5 601. 510. 476. 551.

‘a 0.05 414. 313!. 357. ‘513.
5 0.os 355 . 311. 281. 266.

- ~~ 2. ~~~~~~~~~~~~~~~~~~~

P,’IUI11lc. T UI ~ 0EV I 13% ION

D A Y  — 
1 2 3 

- -  - 
4 

- -

1 501. 53 6. 4-.;5. 419.
2 4613 . 4(7._ , 446 .  3 74 .
4 ‘* ; 4 . 544 ~ ‘~‘1. 495.
4 403. 4-9 ’) . 473. 4131 .
5 48). ‘a u .  

- 
444.  390.

— 104313 . 1159 . 1041. 8131).

- 
PR lI1;;it.~J ’ h i y—j 0’IIT A V A ! L A , 3 I I ! T Y

— 
( JA Y 1 2 

- 
3 4

1 5~). 43. 4?. 51 .
-- 

2 34 . 213. 75 . 713.
3 13 1. si. 49.  ~~o.

- 4 41. - - 3 5 .  37. 3~~._ _
5 45. 2’). 29. 32.

____ 
—

I I I ! !  1~1 ~ ;I (ML (Jilt. TI) BU FFL i-( 5 
—

DAY 3 -? 3 4  

L 4 1 . V.i. L 5. U.~~~~ 
-

— 
2 5’.. _ so. 40. ~~~~~~~~~
I /o. 113.  3. L’.

- 
4 4~~. 50. 23.  19.

• 
- 

5 5.’. 64. 49. 5.

44.  4 ’.. 2 13. 
— 

6.

S’ ) l lA c ; E 811Ff FR ~S~ 1E 
- - -

~~~~

1 4 5 7 ’. 3 .  ‘. 1 3 , 5 .  2 6 (170 .  30592 . 2 13551.
2 4 6 ( 4 s .  4 - ,- - I 4 ~~. 3 (50?. 351349 . 25271’ .— —  
5 4 (2132. 51 ’ ,’?O. 2 1 3 1 3 0 3 .  13183 . 18301 .
4 4 ,01 6. 45620. 11 4 11 . 76131. 39L80.
1) 441313 . 41317. ~4.119 . 25531. 31296. 

- -

444o). 4/646. 7158??. /5987. 28121.

For Run 1+
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13 UF FEM II E VIM1I1). ~

DAY 1 2 3 4 5

1 ~j 1S .4 .  1,4 75 .  4030. 10743. 5105 .
2 1,63 1. 14t (/ .  138c.u. 10795. 1347.
3 10 5 3 2 .  11)1(1. 1341. 3106. 9526.

4 4 
- 
1344o . t.l 49. 10 3. ISSoO. 4902._

S -)l4y . S846. 11177 . 1889. 13872 .

- 
1 ’)?Ll .  20(80. 1’)459. 22030 . 18305.

.501- 1- L I) P a - V A ILA ~i I L l 1 Y  
- - -

I 2 4 4 
- 

5

1 14. i-rn . 10). 10). 100.
2 100. 1 )0. 100. 1’)’). 100.- 
3 1 0 1. 1’J . 135 . h’f). 100.
4 11. 11 0 . 95. 11)0. 10’).
5 100. ‘l . 100. 100. 100.

‘.443 . .4.4. 96. 100. 103.

For Run /+
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AV ’ -SAOE 5,0911 ,‘I1(IUUCT ((iN/INTEI ~VAL

IYA Y oti I /u;! 14 
- 

I 
- 

2 
- — 

3 4

335 .  io3. 271 .  271.
7 ‘).l- ’. 529. .300. 271. 271.
3 (

~ .u 5  347 . 304. 771. 211.
4 0.0-, 362. 3 3 5 .  2 8 3 .  304.
a-. ).uS 36-). 330. 3013. 299.

34s .  314 . 2 7 4 .  283 .

P0)1I)UCIIO’4 IJEVIAT 109

LJS Y 1 2 3 4

— - 
‘.71. 4158. 439. 3 ) ! .

- 
474. 4o 7. - 439. ,. 300. -

3 4 10.  4’O . 43 ,5. 302.
4 414). sos. 445._ SOE.
5 413 3. ‘~ i2. 455 . 39H.

—

~ l ab ). I -  4’.. 991. 8M i.

- 

~‘R (Iu (Ic,TI ( b - l  ( J Il T  A V A I L A B I L I T Y  
-

- 
1 

- - 
2 3 4

I i3. 213 . 743 . 33 .
2 3 3 .  245 . 78. 33.

3 
- 

34. 2 s . 78. 33.
4 ~~~~ it. 

- 
25. ~_ .38._ _

S 3~~. 
* 

32. 31.  37.

34. 2’). 29. 35.

11 1 1 1  .i ,w ~I IM t. I)I JE 1 ;  ISO) FE I)S

J A Y  2 3 4

1 ~ 4 .  ~ 5. 1-). 1.
7 ‘.s. 4?. 22. 0.
3 

- 
51. 132. 32. 9.

4 ol .  44 .  9. 13.
-- 

~ s 7 .  SI. 0. 21.

59. 1)4. 16. 9.

AV 1 - ;~A , 4- 81(1 11.5 S I Z E

DAY L 7 3 4 5

1 23’i-i”. ?41’fl. 11150. 14766. 10000.
1 23071 . I~~s?7. l50 ’4’,._10000. 9260. 

- -
S / / 1 4 1 ) .  2 .50 5. 10000. 15943. 12296.

4 2 4 ) 5 0 . 2 1/7 : .  11274. 8334 . 9563.
5 2 5 5 ) 3 .  2 2 1 3 5 1 .  lStiO. 8835.  L~~303.

24 2 0 1 ) .  2 /L ,4 .  11020. 11380. 11484.

For Run 5
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F -

- 
85)1 1 L 3 4  0 1 - f l A T  I(I ,~ 

- - -

~
5. - —  __

_

~~~~~
-

~~~~~~~~~
—

~~~~~~~~~~D A Y  1 2 3 5

1 $ 35 ) . 3 ? ? ’ .. 3 / 3 1 3 .  7220 .  0.
7 4671 . IVJI . 71?7. I) , 2608.
3 5514 . 4 ?-,o. 0. 6726. 4254. 

- -

4 1)240. 553/. 5466. 3463 . 1800.
1) 3~,56. 4447. 3780. 3310. 6708.

11J’.?13. 12124. 104)7. 10904. 8552.

- 
4 3 ’ b f F L I ~ A V 4 I L A I SII I IY 

— — -

IJ S Y  1 
- 

3 
- -  

4

— 
I ~~‘,. 

- 1,u . 1(0. 15)0. 100.
2 tO -) . 1 30. t (1Cj. 

- 
(00. 100.

I 
- 

10i. 1J0. 4J5~  10’). 100.
4 91. 

- 
1 - ) . . 1C0. 100.-— 

1) i a - u i . is . 1)0. 1 0 .  100.

- J O .  4 ) .  96. 100. 100.

For Run 5

- — —a-.-——-•--~~ —~~~~~~~~ - - ‘-- 
-~ -_=~~~~~ -- - —-

~~~
--

~~~~~ ‘~~~~~,_,.aa,_, a,_ J ,...-,,-a.... -.J ~ -



_ _ _ _ _ _ _  

____________ _________ 
-~~~~ - -

1
~55

AV~~I)A ’~i 1~- .I I ?R000C TION/I9 TE4V7.L

(JAY CU STi’U ’ 3I1t ~~) 1 2 3 4

371. 324. 271. 271.
2 0.05  - 5 7 6 .  423. 271. 

- -  271., ,
,

3 0 .05 S b .  5 74 .  2 7 1 .  211.
- 

4 
- 

0.o’, 445. 395. 
- 297. - 344. 

—- -  - 
5 li . t ,5  $86. 334 .  297. 281.

0 .uS 5 12 .  34iJ . 281.  288.

- 
P ’-) iJ .)tJC l i i i  t)t~~ I AT Ii1- ’ l 

-

UA Y 1 2 3 4

1 4 ’ . ? .  4)1. 435 . fl?.
7 651 6. ‘.09.  439. 391.
S 4fl. 

- 
4—4 ’5. 43). 352.

4 4 13 .  SI!. ‘.1)?. 411 .
5 

- 
4 4 5. 401,.  4 5 2.  392.

-— 
1044 . lI/i. ‘493. 8135 .

P.?o r-LJcIIOI ((‘SIT AV AILALSI L I T Y

1 1 3 4

1 5 5 .  50. ?.3. 33.

-- 2 - - 3-1 . - 3~~~. 2a.  3 5 .  
-

3 37. 50. 2I3 • 33.
4 

- - 
46. 

- 
57. 

- ~1. - 4! .
5 313 . 31. 31. 34. 

-

~s. 31. 29. 35.

1)91 3 oo~ 4TI ME h U E T i 8UFFE R S

U ’Y 1 2 
- 

3 4 
-

1 5 1 3 .  ‘.1. 15. 0.
/ 4- u . ‘,s. 13. 0.
3 o i . o~. 32. (-a .
4 4 / .  40. 1) . 1 .
S iS.  sO. 3. 22.

5 4.  ‘.2. 1 3.  7.

A v E ,~~, :;i I1t11 -f~, ) S I Z E  
-

1 2 3 4 5

1 4~-.7 4 j •  41 ./ .4. 2’,?~~4. 105’ ;? . 2500’J.
2 4 4 ’ S ) .  ‘~ - b 1  Io. 51 673. 2SuuO. 22637 .
3 ‘i f  15’.. ‘.1 1 / .  25000. 34150.  2 lb.
4 4o264 . 4179 !. ?47~ 0. 12353. 22477.
S 45 i, j ’) .  4t~ ,‘.j . 11196. 25)11313. 42288.

4s -i4h~i . 446 55 . 24,1)4. ~‘1373G. 28338. —

For Run 6
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‘ - i l L I-
~~

,) 1’ : ’? IA T I  LJ~

1 2 3 4 5

1 1 34 ’ ) ) .  t” )2 . 3 I 1 7 3~ 1 0144. 0.
{ - 2 7 1 3 1 ) .  lIss? . 110 133 . ~~ . 54013.

I 7 7 9 1 .  4 ’~ 3’.. U. 1 0994 . 7 14 6 .
-- 

4 //61. ‘15?S. 
- 
5395 . 5996. 6672.

S 3993. 6135 ’,. 9993 . 8494. 
- 
10223.

1743’. 17 - 1 13. 16534 . 185 57. 15143.

8(ifI-~~~.~ A V A I L o , J I L I I Y

US Y 1 2 3 4 5

1 s’s. I - b . (0 -0. ioO. 100.
7 Ij - . 1-1-0 . 

- - 
100. 

- 
too , too.

1)1. I- Jo. 8S. 1(10. 100.
‘. - 4 . ’ . I-Jo . 

— 
95. toO . tOO .

5 1’)’). a’.. 10’) . 100. 100.

—- 
1,3. ñ. 96. 10’). 10(1.

For Run 6
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