I * I National Library
of Canada du Canada

Bibliothéque nationale

Canadian Theses Service  Service des théses canadiennes

Ottawa, Canada
K1A ON4

NOTICE

The quality of this microformis heavily dependent upon the
quality of the original thesis submitted for microfilming.
Every effort has been made to ensure the highest quality ot
reproduction possible.

If pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Réproduction in full or in part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, ¢. C-30, and
subsequent amendments.

" NL-339 (1. 88/04) C

AVIS

La qualité de cette microforme dépend grandement de la
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion.

S'il manque des pages, veuillez communiquer avec
l'université qui a conféré le grade.

La qualité d'impression de cerlaines pages peul laisser A
désirer, surtout si les pages originales ont été daclylogra

phiées a l'aide d'un ruban usé ou si l'université nous a fail
parvenir une photocopie de qualité inférieure.

La reproduction, méme partielle, de cette microforme est
soumise & la Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30, et ses amendements subséquents.

1T ]

Canada



UNIVERSITY OF ALBERTA
ANALYSIS OF INTERMEDIATE STORAGE IN A CONTINUOUS MINING
OPERATION

by

DONALD CHARLES DOE @

A THESIS .

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
OF MASTER OF SCIENCE
IN

MINING ENGINEERING
DEPARTMENT OF MINING, METALLURGICAL AND PETROLEUM

ENGINEERING

EDMONTON, ALBERTA

SPRING 1990



tional Libr:
I*I glfaclg?a:da a <u Canada

Bioliotheque nationaie

Canadian Theses Sewvice  Service des thases canadiennes

Ottawa, Canada
KtA ON4

NOTICE

The quality of this microform s heavily dependent upon the
quality of the original thesis submitted for microfilming.
Every effort has been made to ensure the highest quality of
reproduction possible.

i pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especially & the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Reproduction in full or in part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, ¢. C-30, and
subsequent amendments.

AVIS

La qualité de cette microforme dépend grandement de 1a
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion. .

. S manque des pages, veuillez communiquer avec

Tuniversité qui a contéré le grade.

La quaiité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylogra-
phiées a aide d'un ruban usé ou si l'université nous a fait
parvenir une photccopie de qualité inférieure.

La reproduction, méme partielle, de cette microforme est
soumise A la Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30, et ses amendements subséquents.

ISBN 0-315-60316-X

NL-339 (. 8804} c

Canada



UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR DONALD CHARLES DOE

TITLE OF THESIS ANALYSIS OF INTERMEDIATE STORAGE IN
A CONTINUOUS MINING OPERATION

DEGREE FOR WHICH THESIS WAS PRESENTED MASTER OF SCIENCE

YEAR THIS DEGREE GRANTED SPRING 1990

Permission is hereby granted to the UNIVERSITY OF
ALBERTA LIBRARY to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or
scientific research purposes only.

The author reserves other publication rights, and
neither the thesis nor extensive extracts from it may be

printed or otherwise reproduced without the author's

written permission. |
(SIGNED) \\m“. .........IC..

PERMANENT ADDRESS:
l‘.‘.&g’.e). L] .‘“C}i L .S‘-T.\%C:%‘\.‘)IBA\‘)I ® & 0 0 0 0 0

CFerT. Motlarrag, ALRTA L. ...

R N AT

DATED AFRse..2¢......1990



UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and
recommend to the Faculty of Graduate Studies and Research,
for acceptance, a thesis entitled ANALYSIS OF INTERMEDIATE
STORAGE IN A CONTINUOUS MINING OPERATION submitted by DONALD
CHARLES DOE in partial fulfilment of the requirements for

the degree in MASTER OF SCIENCE in MINING ENGINEERING.

Prof. W.H. Griffin
Supervisor

e o0 a0 9 sjes LI ) e o0 0% 000

Dr. R.G. Bentsen.

Date. APRIL .28, 1930, ...,



Dedication

To my parents who taught me to believe in myself and were
always there when needed.

and
To Louisa, who listened to my complaints and problems during
the course of this thesis. Your words of encouragement and

support helped to make this possible.

iv



Abstract

Work has been performed to analyze the steady state
effect of storage between continuous production lines. This
effect has been simulated by a model constructed with SLAM
(Simulation Language for Alternative Modelling) and analyzed
using non-linear regression. The model is a one stream in,
one stream out operation, with each stream having the same
model of random failures with respect to operating time and
random repair time. The expected production of input and
output streams is equal. The steady state production for
variations in storage volume has been compared to the
analytical values for infinite and zero volume storage. From
these results, a function relating system losses to bin size
normalized by machine failure and repair time parameters has
been derived. This allows calculation of expected production
regardless of the absolute capacity of the system.

The normalized model has been compared tc empirical
work done previously. % simple economic anazlysit of the
penefits of inciluding a bin in a system has been done to
illustrate a possible use for the model.

A technique from operations research, perturbation
analysis, has been applied to the system and compared to the

results provided by the model.
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1. Introduction

1.1 Motivation

Due to the harsh operating conditions that equipment in
the mining industry is subjected to, machine stoppages are
inevitable. One method of minimizing the impact of these
shutdowns on up and/or downstream equipment is to place a
volume of intermediate storage (a bin) between successive
machines. This bin then has the effect of isolating the
machines from one another and a productivity gain is
realized.

In many operations, the number of interconnecting
machines is very large, i.e., several shovels loading a fleet
of trucks which then dump to a stockpile, which in turn
feeds a processing plant. These large numbers cause complex
interactions, and the actual effect of increasing the
intermediate storage volume becomes difficult to evaluate.
The storage volume becomes less important as the failure of
an individual wunit ( trucks, shovels ) only marginally
alters productivity. Clearly, in this large system, bin
volume is not the only parameter capable of improving system
productivity; the machine failure parameters ( time interval
between failures and the duration of failures) are also
significant. Any improvement in production attributable
solely to the increase in storage volume is obscured by

these other parameters as well as the system interactions.



Research by the mineral industry with respect to the
productivity gains realized by increasing bin volume has
generally been on a site-specific basis. The goal of this
thesis is to produce a procedure for generalizing the
results from a specific model that they may be extended to

more general models.

1.2 Direction of Thesis

In order to elucidate the mathematical theory
underlying the bin sizing problem, a simplified model of a
mining operation is constructed. The model consists of one
continuous stream, "the mine" feeding into a bin, which is
then emptied by a single continuous stream, "the processing
plant". This simplified model is, in theory, applicable to
some mining operations such as the o0il sands mines of
northern Alberta and the brown coal mines of East Germany
(15,22,26). In the case of the 0il sands mines, large scale
single or dual machines (bucketwheel excavators) supply
continuous feed to a processing plant. (Figure 1.1). These
plants have a continuous demand for feed, and long term
shortages, especially in the winter months, can cause severe
operational problems. Increase of the bin volume between the
mine and the processing plant minimizes the occurrence of
these shortages. The quantification of the value of the
expected increase in production with respect to the increase

in bin volume is the objective of this thesis.
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Figure 1.1 Schematic of bucketwheel

As this work is directed at engineers, and a prime
concern of any engineer is a cost benefit analysis, the
model is utilized in a simplified analysis. The goal is to
provide the design engineer with the analytical tools to
quantitatively evaluate the effects of bin size on the
productivity of simple, balanced systems. Specifically, for
a simple, balanced system a functional equation is developed
that quantitatively relates expected production to bin size.
The independent variables of this function are mean time to

failure (MTTF), mean time to repair (MTTR) and production



rate. The coefficient of variation (COV) of the MTTF and
MTTR remain fixed throughout the process. It is then
illustrated that this equation may be used on different sets
of simple, balanced conditions by normalizing the bin volume
by a function of the input parameters (MTTF, MTTR and
production rate) of both streams. Finally, the applicability
of an operations research related technique (13,19) is
examined. This technigque has the capability to greatly
reduce the amount of computer time required, and may be
applied using operating \history alone, or through

simulation.

1.3 Outline of Thesis

The final section in this chapter provides a brief
introduction to the theory of simple transfer lines and the
terminology involved. Chapter 2 contains a review of
previous bin sizing research in the mineral industry as well
as applicable work from the operations research field. In
Chapter 3, the simulation model is explained and the
experimental design outlined. The simulation results,
statistical analysis and function derivation are also
included in Chapter 3. Chapter 4 contains a comparison of
the results against an analytical formula, an extension of
the model to other simple, balanced systems, and a sample
economic analysis. An operations research technigue of
perturbation analysis is introduced in Chapter 5 and a

detailed comparison is made with the results from this



method and those obtained in Chapter 3. The final chapter
contains a summary of the results, offers some conclusions,

and suggests areas for future research.



1.4 Transfer Lines

1.4.1 Basics of Transfer Lines

The model utilized in this thesis is a basic, single
stage transfer line. There is a single machine, feeding into
a volume of intermediate storage, which feeds a single
output machine. An initial simplifying assumption is ihat
machine 1 (input) is supplied by an infinite storage and
machine 2 (output) feeds into an infinite sink, any external
constraints are then removed and it is possible to study the
transfer line in isolation. The line is depicted in Figure

1.2,

nfirite Machine 1 Mochine 2 i
Supply {
Bn

Figure 1.2 A simple transfer line

As both machine 1 and 2 are imperfect, they are subject
to internal failures. Scheduled (planned) maintenance are
differentiated from the random (unplanned) failures. What is
said is that, on average, machine 1 or 2 will operate for X

hours and then be down (unavailable for production) for Y



hours. As the system 1is balanced, by assigning equal
expected production rates to both input and output, the
operating (X) and non-operating (Y) durations are egquivalent
for both machines. For the purpose of this thesis, the key
point is not the event that caused the machine to fail; but
the fact that the machine is unavailable for production. It
is suggested that as the occurrence and duration of the
planned outages are known in advance, the time remaining for
production may be calculated, and only random failures
considered. For either machine in the system, input (in) or
output (out) , the mean time to failure (MTTF) and mean time
to repair (MTTR) is the expected value (long term average)
of the time intervals that either machine operates between
failures or is down for repair, respectively. The production
rate (PROD) of each system is the average uninterrupted
sustainable operating rate. In the model used in this thesis
this rate Is considered to be achievable instantaneously on
start up and stops similarly.

The system may be considered a first order, balanced
system since all the machine parameters are equivalent, i.e.

MTTF;,

MTTF oy

MTTR;, = MTTR,,,

PROD;, = PROD,,,
A system may still be balanced, but have different
production values (PROD) and/or failure parameters. This
type would be a second order balanced system. For the

purposes of this thesis, only first order systems are



considered.

In the material follows, the terminology of Ho (19) is
used to define the states of the machines. If there is no
volume of intermediate storage, a failure of one machine
leads to a Forced Down (FD) state of the other machine. If
machine 1 fails, machine 2 does not have any material to
process and is in a No Input (NI) state. Conversely, if
machine 2 has failed machine 1 has no place for its
production and is then in a No Output (NO) state. In either
condition, both machines are down and production is zero
until the failed machine returns to production. The system
can produce only when both machines are "up", and the
proportion of time that the line is functioning is the
limiting availability, =, of the system. Barlow and Proschan
(2) give a rigorous proof of calculating the system "up"
time over an interval [ 0, t ] with general failure and
repair distributions. The major assumptions of Barlow and
Proschan are as follows, (using their symbols):

1. System is composed of k serially connected
components.

2. All k components have a finite mean operating
time to failure (MTTF) of uy, j = 1,2,...K

3. The mean time to repair (MTTR) is »;, J =
1,2,...k, and repairs result in a "like new"
component.

4. No preventative maintenance is done at forced

down (FD) points.



5. The probability of failure of two units at
exactly the same instant is zero.
6. u; and »; are stationary, mutually-independent
random variables.
7. Failures are based on operating time.
Given these assumptions, and letting U(t) = the time that

the system is operative in the interval [ 0, t ];

im p(_tl= 1 =7
- ® t J 0

1+2ﬁ
T
i=1
Note that this gives a different value for the limiting

.........l1.1

availability than would a product rule for availability
(with failures based on both operating and non-operating
time). Where the availability, or proportion of time a

machine spends in the operating state, is defined as A; and;

A = T — 0.000050000.00-0.00.0102

The limiting availability, =y, with the product rule now

becomes:

to‘ * 0000900000.1.3
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This product rule formula does not take into account
assumptions (5) and (7). As a machine, by virtue of
assumption (7), can deteriorate only while it is working, it
may not fail while it has been forced down. Since iy is
operating time to failure, the time spent in the forced down
state must be considered when evaluating the limiting
availability of the system.

A heuristic approach would be to evaluate the possible
states of the simple two machine system, and account for
time lost due to FD states. The possible combinations of
states for the system are:

1. M, up, M; up

2. M; up, M; down

3. M, down, M; up

4, M, down, M, down
Note that state 4 is not possible, as both machines would
have to fail at precisely the same moment in time. This
"invalid" state, therefore must be removed from the time
line. The total probability space is then reduced by the

"invalid" amount.

for example, the probability of M, up, and M, up equals:

k1 D)
Mt " bo + Yo
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and the probability M, down, M, down equals:

[ vy 2

p1-+ Vl u2 + ub

The limiting availability of the system is then found by

reducing the whole probability space of unity by the invalid

amount:
#q )
LWt Y Byt Y
'o = .......1‘4
v v
2
- 1

This equation can be reduced to Equation 1.1. The associated
algebra is in Appendix A.

As an otherwise "healthy" machine is forced down and
valuable production time is lost, this is an inefficient use
of the machines. The production of this system may be
improved by one (or a combination) of the following methods:

1. Increase the operating time for the machines
2. Decrease the repair time of the machines
3. Insert a volume of intermediate storage between

the two machines
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The implications of (1) and (2) are that more time is
spent in the operational state, and less time in the failure
state. Note that the equations previously defined remain
valid for (1) and (2) only, and the new system availability
and productivity may be calculated.

Calculating the gain in productivity by inserting (or
increasing) the bin volume, option (3), is not as straight
forward. Equation 1.1 is not valid when any bins are
included in the system. Inserting the bin tends to isolate
production histories of the two machines. That is, assuming
there is some volume of material in the bin when machine 1
fails, machine 2 will continue to operate. Conversely, if
machine 2 fails, and there remains some unused volume,
machine 1 will continue to operate. Clearly, the larger the
r‘ns, the more isolated the machines become. Bins of
infinite volume would completely isolate the machines and
allow the system production to approach that of its weakest
member. Defining the production of the system as a function
of the bin volume, BIN;

}if. . PROD(BIN) = PRODp;,
where:

PROD,;, = Minimum possible continuous production rate
of machines 1 and 2. (Min(A,*PROD;,A,*PROD:))
Because an infinitely large bin is neither possible, nor
practical, one must find a guantification of bin volume
increment with respect to production gain. This

quantification will be a function of the mean time to
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failure, and the mean duration of these failures, as well as
the production rate. The final bin size will be determined
by the incremental increase in production versus the cost of
the added volume.

The methods previously used to calculate this increase

in production will be outlined in the following chapter.



2. Background

2.1 Simulation

Simulation is a broad term, that encompases many
different methodologies. By simulating a model of reality,
we are able to pose various "what-ifs" without actually
introducing any upset to reality. This modelling may occur
in a variety of ways from iconic (physical) to the type of
mathematical modelling employed here.

Utilizing a mathematical description of the system
under study, the engineer may use the power of digital
computers to further explore system operation. Equations may
be of a strictly deterministic form, i.e. given a set of
inputs, one, unigue output set is generated. Conversely, the
simulation may be stochastic. With stochastic simulation, a
sequence of pseudo-random numbers (20) drives the problem
logic and associated egquations to a realization. One
simulation experiment yields one realization of the pcssible
set of outcomes from the underlying probability distribution
and systems logic. The random number streams are generated
by an algorithm that utilizes an initial or seed value. By
altering these "seed" values, the engineer may perform
multiple simulations, each yielding a different realization.
From these multiple runs, statistical inferences may be made
about the range and distribution of values likely to occur
in reality. As the model is being used to predict what might

happen, stochastic simulation is the prudent choice.

14



15

Verification of an assumption or approval of a project based
solely on a single run is very risky when some (or all) of

the controlling factors are subject to random occurrences.

2.1.1 SLAM II Simulation Language
The SLAM II (Simulation Language For Alternative
Modelling) (23) is a versatile, multi-purpose FORTRAN based
simulation language. SLAM has been used previously to model
systems in the mining industry, from oil sands plants to
truck shovel operations. (16,17)
SLAM provides for the following categories of systems:
1. Discrete
2. Continuous
3. Combined
Discrete systems only change at certain times, i.e. a
definable point in time such as a piece of equipment failing
at time T, Fig. 2.1. Continuous systems have variables which
change continuously over time, Fig. 2.2. These variables are
modelled with either differential or difference equations.
Chemical reactions, and tankage levels are two types of
continuous systems. A combined system contains both discrete
and continuous variables.
The system modelled here is a combined model. The
discrete variables are the machine failure events, the
continuous variables are the production rates and the level

of material in the bin.



STATE OF SYSTEM

TIME

Figure 2.1 Discrete system state plot

STATE OF SYSTEM

TIME

Figure 2.2 Continuous system state plot

16
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SLAM is available for a wide configuration of hardware,
from mainframe to personal computer. Presently, the personal
computer (PC) version is limited in size by program memory
constraints, but is large enough for most simulations.
Simulation on personal computers is quite advantageous as
the time is free once the machine has been purchased. A
somewhat more subtle bonus when using the PC version, is
that the modeller is constrained in the size of the model,
in terms of both storage (memory) and time. Keeping these
limits in mind, the modeller is forced to produce the most
efficient model possible, eliminating extraneous details and

thus producing the best tool possible.

2.2 Previous Bin Sizing Models in the Minerals Industry

While the use of computers in the mining industry is
widespread, the gquestion of surge bin volumes has not
received the attention -of other areas, such as rock
mechanics and mine planning. The majority of literature with
respect to bins concerns the flow characteristics of various
materials.

Cruz et. al. (7) utilize a Monte Carlo simulation
program to evaluate the most cost effective stockpile
between a mine and mill. Chu and Ermolowich (5) use a
similar approach to design the optimum capacity of a coal
silo. This model incorporates some operating rules which
considerably complicate the system. Once again, a silo

capacity that maximizes productivity with minimum cost is
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the end result. Silo volumes are also examined by Bradely
et. al. (3) to determine train waiting times. Fusinato (13)
utilizes a detailed model of a bucket wheel coal mining
operation to find the optimum "bunker" volume with respect
to lost production and lifetime cost of the bunker.

There are several similarites between all of these
studies namely:

1. The models are quite detailed and have complex

interactions.

2. Results are site specific.

3. All use brute force simulation.
These investigations indicate that there 1is concern and
awareness about the effectiveness of intermediate storage.
What they fail to provide is a tool for an engineer to use,
short of writing his own simulation model. All are very site
specific, and no listing of the program code used is given,
although in some cases it may be possible to obtain the
code. A better understanding of the theory involved 1is
required, so that a generalized tcol can be produced and
offered to engineers.

An analytical approach by J. Elbrond (11) attempts to
relate system productivity with respect to bin volume for
the general cases. Elbrond examines only a simple system,
similar to the one considered in this thesis. While both
equal and unequal internal capacity cases are considered by
Elbrond, only the balanced case is examined here. The

procedures and equations used to calculate system capacity
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based on system parameters and bin volume are outlined in
Appendix A. It is important to note that Elbrond uses the
product formula rule (Eqg. 1.3) for calculating the system
availability and therefore assumes that the machines
deteriorate while forced down. While this provides for
different limiting availabilities than would be calculated
by the Barlow and Proschan method, a comparison is still
made. The derivation of these formulas is empirical and
therefore provides for comparisons against the proposed
simulation generated function. It should be noted that the
formulas are anything but simplistic and some of the
background is unclear. It appears that the goal was a
concave function, going asymptotically towards a limit and
this is what was generated. Interestingly, Elbrond is
presently validating this set of procedures through
simulation (12).

The procedures and equations as provided by Elbrond
have been coded. The FORTRAN code and sample output are
given in Appendix A. A major drawback in this procedure is
that the bin content frequency function had to be assumed.
It is this function that determines the amount of time the
bin spends at any particular level. As no better information
was available, the same function was used for all bin
volumes simulated. Intuitively, one would expect different
functions as the bin volumes were changed, but without
observing the system under consideration, this information

would not be available. As the design engineer would be
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faced with a similar problem, the assumption of one function
for all bins was used.

The values obtained from Elbrond's procedures will be
compared to the experimentally derived function in later

sections.

2.3 Operations Research Techniques

Operations research ( OR ) may be defined as "a
scientific approach to problem-solving for executive
management™ (27). One modification that should be made to
this definition is that operations research is not (and
should not) be limited to only upper management. AS will be
illustrated later, these techniques may be applied at any
level of a company. One application of OR is queueing theory
and the associated study of transfer lines. Queueing theory
is "the mathematical treatment of waiting lines” (6). While
qgueueing theory does have applications in mining (i.e. a
truck-shovel operation), its applicability to our production
model is limited. Transfer 1lines, or production lines,
however, initially offer an interesting comparison. These
are the well-researched assembly lines which have become so
prevalent in modern day manufacturing. The benefits of
including some type of intermediate storage between
successive machines has 1long been recognized (21,25).
Koenigsberg (21) provides a detailed review of the available
approaches as of 1958. Buzacott and Hanifin (4) offer a

similar review, some twenty years later, in 1978.
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The major stumbling blocks in applying this theory to
many real world transfer lines are the restrictive
assumptions placed upon certain characteristics of the
system. The work done by Sevat'yanov (25) and reviewed by
both Koeningsberg and Buzacott and Hanifin is one of the
earliest studies in this area. The assumptions (4) placed
upon the system are:

1. Only one stage can be in a failed state.

2. Failure rate of a stage is constant in time when

both stages are operating.

3. Downtimes have exponential distributions.
Assumption (1) is not wvalid in actual practice. A machine
may fail when another is down, if it has been permitted to
continue operating. Very few events will be constant,
especially failures and assumption (2) is again restrictive.
Failure distributions are 1likely quite site specific,
dependent upon operator skill, material type and climatic
conditions. The assumption of one failure distribution for
all sites 1is  unwarranted. As well, the exponential
distribution, Figure 2.3, does not have the required "shift"
from zero. While it is not known how long a machine will be
down, it is certain that it will be some non zero duration.

Another area of concern is that Sevat'yanov only
examined storage and forced down conditions with respect to
machine 2, i.e. how long machine 2 is idle due to machine 1
being under repair and the bin level at 0. Clearly, the

opposite is also important, the bin full conditions that
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Figure 2.3 Exponential distribution

1imit machine 1 need to be considered.

A model proposed by Finch and summarized in (4) had its
basis in the continuous flow model. This characteristic of
the flow should be noted here, i.e. whether it is in
discrete packages, or a continuous flow of material ( as in
a mining operation ). The majority of work in OR that has
been done with respect to transfer lines is for the
manufacturing industry and the flow is usually discrete,
equally sized packages, be they engine blocks or computer
chips. Extensions of this theory into continuous flow are
not readily available. The model as proposed by Finch was
interesting, but again limited because of exponetially
distributed downtimés and uptimes. The failures are assumed

also to be time dependent, i.e. deterioration occurs while
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the machine is not operating. This was in conflict with the
previously stated assumptions of Chapter 1.

Other models (4) remove some of the assumptions, but
not sufficiently to be implemented here. Downtime and uptime
distributions are a vital characteristic of the system under
study, and cannot . be assumed for mathematical
simplification. A modeller may make certain simplfying
assumptions in the construction of his model, but must not

alter those which are representative of the system.

2.3.1 Perturbation Analysis

The technique of perturbation analysis, developed by Ho
et. al. (18,19) and Eyler (13), presents a very interesting
opportunity for comparison with the simulation based
technique. A brief background of the method is presented
here, leaving the detailed exposition until its
implementation in Chapter 5. It is hoped that this structure
will keep the theory fresh in the reader's mind while the
results are being presented.

This work, while again mainly concentrated in the area
of manufacturing and thus discrete flow, has its basis in
the continuous domain (14). The assumption was made that it
would be possible to discretize the procedure to make it
applicable to the manufacturing areas. As this procedure has
its origins in continuous flow and is not restrictive of the
types of failure and repair distributions, it is well suited

to the mining industry.



24

Simply put, perturbation analysis (it is not restricted
to bin sizing only) allows for the estimation of system
partial derivatives within a single simulation run. Using
"standard" methods to evaluate N variables would require N
simulations, whereas only 1 is required using perturbation
analysis (PA) (18). Ho gives a good introduction to the
technique and background in Reference (19).

PA achieves its goal by perturbing (changing) by small
amounts variables in the system. By monitoring the end
effect of these changes, various statements about the system
can be made. The perturbations may be observed while the
simulator is running as usual; so, in addition to the usual
point estimate, the modeller is provided with extra
information about the system.

Perturbation techniques were selected as an addition to
the simulation based results. There are many areas in which
PA techniques may be applied in order to analyze system
productivity and this thesis offered a chance to examine

their applicability with respect to the mining industry.



3. Model and Experimentation

3.1 Model Overview

This chapter contains the simulation work done to
produce the final analytic function. The system that is
modelled is defined in detail and the program logic is
presented. Later sections in the chapter contain the
experimental design considerations, simulation results and
function derivation. The development of the normalized

function completes the chapter.
3.2 Detailed Model Description

3.2.1 Machine Parameters
As mentioned previously, the system under consideration
is simple and balanced. Each of the machines involved is
defined by the following 5 parameters:
i. Production Rate, PROD (%5)
2. Mean Time to Failure, u (h)

3. Mean time to repair, » (h)

4, Standard deviation of u 0.20%pu

5. Standard deviation of » 0.15%p

hs the system is balanced, the above parameters suffice for
both input and output machines. During the study, while the
u and v values are changed, the coefficent of variation

remains constant.

25
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Productions rates are given in cubic metres per hour

3
(%;), and all operating parameters are in hours. Assuming
that a system with the above parameters is operating without

any external interference, the nominal production (NP) is:

NP = PROD - —4—- [—‘-}?1]

This is the maximum expected production rate of a machine in
the system. As the system is balanced, the rates match (i.e.
NP, = NP,). This type of balancing is often achieved with
machines of different availabilities by increasing the
production rate of the more failure prone machine. In
practice, production rate matching of two successive
machines is preferable, since the larger machine will be
forced down by the slower. This results in an under
utilization of the capacity of the larger machine, and means
some capital investment has been wasted. Assuming balanced
machines also allows for simplification of the mathematics

involved.

3.2.2 Bin Parameters
The bin in the model is assumed to have:
1. No operational failures.
2. No material flow restrictions.
As the bin may be anything from 2 steel structure to a

stockpile on the ground, the failure free assumption is not
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a large departure from reality. The second assumption has
been made to simplify the model, since material flow
characteristics are not the subject matter here. This does
not deny their importance when designing a bin. All volumes
are "live", i.e. all material in the bin will flow, there is
no "dead" or unmoving volume. When designing a bin, the
amount of dead volume can be minimized through proper
construction material selection, wall angle, etc., so
therefore the second assumption is reasonable.
The bin is defined by the following parameters:
1. V, the maximum volume (m?)
2, C the control factor, .5 < C > 1,
When bin contents reach V, machine 1 must stop and
cannot be restarted until bin contents are below V*C.
Similarly, when bin contents reach zero machine 2 must cease

and cannot be restarted until bin contents reach (1 - C)#*V,.

3.2.3 Other Parameters and Considerations

The time intervals between failures are measured by
operating time, not calendar time. If a machine is forced
down, this period of time is ignored when scheduling the
next failure. A machine is not expected to deteriorate when
it is not working. The concept of scheduling failures is
explained in a following section.

The duration of time the system is simulated is a user
input and the values utilized and reasoning are explained in

the Experimental Design section of this chapter.
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While a machine is operating, it can produce only at
exactly its maximum capacity. The model will not adjust the
production rate of a machine in anticipation of an NI or NO
state. That is, the production rate of a machine will not be
decreased, so that the flow into or out of the bin is

lessened and the bin full or empty event postponed.

3.3 Computer Model

The model was constructed using the SLAM II system
(23). Simply put, SLAM II provides the bookkeeping
functions, scheduling faiiures, end of failures, duration of
failures, the random number generation, statistical
distributions, and a level of reporting.

The model 1is stochastic with both discrete and
continuous components. The discrete events are the machine
failure and associated events. The continuous events are
those initiated by the bin level. As seed values drive the
random number generator, changing these seeds allows for
independent samples of the outcomes. A listing of the
program is contained in Appendix B.

Efficiency was a prime concern when the model was coded
so that implementation on personal computers would be
possible. The model has been run on an Amhdahl 5870
requiring 2 minutes of CPU (central processing unit) time.
Running the same model on an IBM PC XT required two hours.
In light of the rates charged for mainframe use, running

simulations on PCs was a very viable alternative, if the
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programs were written with this in mind. To keep the
computing costs at a minimum, the majority of the simulation
work was done on the PC. While the two computers use
different rounding methodologies, and have different
instruction sets, it has been shown (9) that the two produce

results that are, statistically, equivalent.

3.4 Experimental Design

Before beginning any experiment, be it actual
laboratory work or simulation, the researcher must ask
him/herself "what do I want out of this and how can I get
the best results?". Asking this question at the start of a
study will save much time and effort in the later stages. As
the objective of this thesis is to study and explain the
effect of additional storage between two successive
machines, the model has been constructed with this in mind.
The main output from the program is the mean production rate
over the time period simulated. This type of simple model
allows the researcher to focus on the problem at hand and
not be needlessly confused with extraneous (for the time)
details.

The actual machine and bin parameters utilized in the
program are not the focal point. It is not the goal of this
thesis to prove that the failure and repair parameters of
the machines may be best modelled by certain type of
distributions with parameters equal to x,y,... etc. The

parameters selected are of "real-world"” magnitude, yet allow
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for simple calculations with respect to availability and
expected production. The machine parameters used are listed

in Table 3.1.

Machine Parameter Value
Production rate (m3/hr) 1400.0
MTTF (hours) 5.0
Standard Deviation MTTF (hours) 1.0
MTTR (hours) 2.0
Standard Deviation MITR (hours) 0.3

Table 3.1 Table of Parameters

3.4.1 Framing of Production

The production capacity of the system will be framed
with respect to the minimum and maximum capacity that this
system will generate, given the set of failure and repair
distributions and production rate. The maximal capacity of
the system will vary with bin volume as follows, assuming
that there is no volume of storage between the two machines,
then by eguation 1.1 the fraction of time the system is

operative is:

T = 1 g
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and the expected proéuction rate of the system without a bin
is:

PRODyyq(0) = 1400 '“f'*% = 777.78 &
Now, assuming that there is an infinite volume bin between
the two machines to effectively isolate their production
histories from one another, the production becomes .(cf
p.12):

PROD =PROD - _ g
) p+ v

sys(m

= 1400 - 5
B+ 2

=1000_m°
. Th
This is the maximum expected rate over time that the system
could be expected to achieve, if both machines were isolated
from one another.
The value for the no bin case is calculated using a program
written to simulate this type of case. The maximum
production is verified using the base program with a bin

size that is for all intents, infinite.

3.4.2 Definition of the Base Case

The set of parameters listed in Table 3.1 will be
called the "base case" and from multipie simulation runs, an
empirical equation will be derived relating system
productivity to bin size. Each simulation will consist of

twenty four (24) separate runs, each of an egual duration.
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This duration will be a function of the failure time
parameters and will be discussed shortly. The bin volumes
simulated will be scaled according to u.

After the "base case" has been run, the input failure
parameters will be scaled downwards by a factor of ten, and
the simulations repeated and an eqguation generated. Finally,
the parameters will be scaled upwards (from the base case)
by a factor of ten and the same procedure followed. The run
time of each of these cases will be adjusted to ensure
homoscedasticity (equality of variance) between runs. In
order for valid comparisons to be made between cases, the
variance among cases must be statistically equivalent. For
the longer duration failure and repair times, the simulation
run length must be increased to make an equivalent number of
observations (as compared with the smaller parameters).
Alterations of the failure time parameters by a factor of
ten, results in similar adjustments of simulated times.

The plots resulting from these three sets of runs
should, in theory, follow the same trend as in Figure 3.1.
One would expect that for a given production rate, the
system with the smaller failure and repair durations would
require a smaller bin than would a system with longer
duration outages. This is so because the bin to effectively
provide storage or supply for the outages, would be of a
smaller volume for the shorter duration outages.

Once this stage is complete, it will be illustrated how

the initial function can be used to predict the system
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PRODUCTION (CUBIC METRES PER HOUR)

BIN VOLUME (CUBIC METRES)

Figure 3.1 General trend of systems

productivity for the other cases by normalizing the bin
volumes of these ‘cases by a function of the failure
parameters. This procedure will allow extension of the work

done for one balanced system to another with different

failure parameters.

3.4.3 Theoretical Distribution and Random Seeds

The m»>del is capable of simulating outages with a
variety of statistical distributions. As mentioned
previously, the actual type of distribution will not be the
crux of the matter. The log-normal distribution will ke used
for all cases. This distribution has been used previously to
model machine failure parameters and it has been shown that

there is no statistically significant difference in results
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when a different (triangular) distribution is used (9).

The log-normal distribution has been chosen for several
reasons. As with most real-life distributions of failure and
repair, the log-normal is skewed to the right. In practical
terms this corresponds to the rare yet catastrophic failure
that most operating machinery are prone to. A major concern
with the exponential distribution is its lack of a definite
shift from zero. The log-normal ( Figure 3.2 ) distribution

has the required shift.
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Figure 3.2 Log-normal Distributioa

Additionally, the log-normal distribution is defined with
two parameters, the exponential by only one. The fixed COV
of unity of the exponential distribution is too large for
most field data. The COV of the log-normal distribution is

not fixed so it may be chosen to be more representative of
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actual operating data. In this work the COV was arbitrarily
chosen at 0.2 for u and 0.15 for v.

In order to allow for more accurate comparisons between
the different cases, each simulation run utilizes the same
random number seed. The seeds are used in initialization of
the generation of random variates for the machine failure
and repair distributions. This similar starting point allows
for higher resolution pairwise comparisons between cases

rather than the usual comparisons between means.

3.4.4 Continuous Variables

The continuous variables are modelled by difference
equations. A control level for starting or stopping the flow
in or out of the bin is set in the initial SLAM statements.
This control 1level is set at one percent of bin volume.
Without this, a small bin could have a control level
equivalent to its entire volume if it followed a run with a
large bin. In order to meet this control level, the smallest
time step that SLAM advances simulated time is also adjusted

accordingly.

3.4.5 Program Logic

At simulation start up the bin volume is set at the
fifty percent level, both machines are set operating and the
tirst "down" events are randomly scheduled for each machine.
The SLAM processor advances time to the first event, or by

the maximum step size, whichever unit is the smallest. When
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the down event occurs, the completion of repair is
scheduled, and the simulation advances in time. If during
this time the bin becomes full or empties (depending on
which machine has failed), the other machine is forced down.
Since this machine is no longer operating, its future
failure event is taken out of the future events file and
placed on hold. When the other machine becomes available and
has replenished/diminished the bin volume to an acceptable
level, the forced down machine is restarted and its next
failure is delayed by an amount equal to the time it spent
in the delay file. It is through this delay file mechanism
that the machines only deteriorate during operating time.
When the simulated time equals the set duration, the
simulation is halted and an output report printed. SLAM
provides an output report on availability statistics of the
machines and the current, maximum and minimum volumes of the
bin. There is an added custom repert which contains the bin
volume and the mean production rate for the simulation. It
is this data that is used as input £for the equation

derivations. A sample output file is provided in Appendix B.

3.5 Selection of Regression Equation

In the selection of the regression equation, a priori
knowledge of the general behavior of the system is used,
along with more rigorous criteria. Intuitively, one would
expect the system to behave as depicted in Figure 3.1, with

production (PROD) being a function of the bin volume (BIN).
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At low bin volumes larger gains in production should be
realized for a given increase in volume than at the larger
volumes. The large bin volumes have sufficient
volume/material available to effectively buffer the majority
of machine outages. Any increase beyond this volume may be
wasted expenditure as the utilization of this excess
capacity is very low. It is at the "optimum" bin volume that
the simple system is approaching its maximum capacity; the
rate of the weakest member. The production histories have
been effectively isolated at this point.

The first derivative, %ﬁ%%?, of this function should
indicate the above mentioned trend. The slope of the
function should be greatest at the lower bin volumes,
gradually decreasing and eventually approaching zero as the
bin volume increases. In more specific terms, the model was
chosen using the following criteria:

1. Most parsimonious
a. the method that would provide the best
fit with the least number of parameters.
2. Total Error Term
a. minimum departure of predictions from
simulated realizations.
3. Distribution of Residuals
a. the residuals must be unbiased, Zresid =
0
b. the residuals are statistically

tractable; that 1is,they approach a
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normal distribution with expectation 0,
and variance o?, i.e. (N(0,0%))
4. Stability of Regression

a. various subsets would be examined and
the resulting equations evaluated
against that done using the entire set.

b. the parameters of the regression would
have to be significa:t, i.e. not include
zero in a 95% confidence interval.

The above points, will be expanded upon later where it is

necessary.

3.5.1 Methodology

The data as output from the program were deficient in
one area in that it did not contain values for production
when the bin volume was zero, i.e. no bin present. The base
simulation model was not constructed to consider such a
case. Therefore, using the theory explained previously, the
production for a zero bin volume wvas calculated, i.e. with
Bin = 03

PROD,y, = 777.78 5= = PRODyys(o)

This system is simulated with a program specifically
written to model a system without a bin (sce Appendix B for
the code). The model used for all other cases assumes some
bin volume between the two machines and would not have given
accurate values for the expected production. The mean value

for production is then found to be:
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PROD,,,=781.10 I = PROD,yq(0)

This value substantiates the logic and code to be used for
the simulations that follow. In order to maintain
consistency with the previous methods, the simulated value
is used. In practice, this step could be omitted and the
analytical value used for the y intercept. Inserting the
analytical value would have biased the regression equation
and this was not desired. As all other bin volumes consisted
of independent realizations, inserting one constant value at
any point would result in a zero variance at that point.
This zero variance would have an effect on the final error
term and the parameters produced by the regression.

Following the above methodology and experimental
design, the three cases were simulated. The cases have been
labelled by u, i.e., 5.0 for the base case, 50.0 for the
upward scaling and 0.5 for the downward scaling. Plots of

the output are shown in Figures 3.3 - 3.5,

3.5.2 Types of Regression Models
Initially, two types of regression models were
attempted:
1. Stepwise Linear Regression (10)
2. Non-Linear Regression (24)
The modelling was done using the PC (1988) version of
BMDP (8).
In all cases there was no transformation applied to the

dependent variable. Non-linear transformations of the
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Figure 3.5 Simulation output for 50.0 case

dependent variable would have complicated the statistics of

the regression,
The parameters for stepwise regression were all linear

transformations of the bin volume:

1. BIN
2, BIN?
3. BIN?
4, BINY?2

5. BIN3
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As stepwise regression enters the parameters into the
equation in the order of statistical importance (the
greatest potential reduction in the sum of squares of the
residuals), it would indicate which of the above paramters
were the most significant.

The non-linear model was a three (3) parameter
exponential:

PROD,y,= BO#eB1*BIN + B2

BMDP program 2R was used for the stepwise regression and

program AR for the non-linear regression.

3.5.3 Selection of Equation and Validation
Using stepwise regression, and the simulation output
(with values for a bin volume of =zero included), the
following equation was generated:
PRODS,,S=786.27+8.654*BIN‘/2 -19.11*BINY/3-6,313E-10*BIN?
The parameters are shown in the order they entered into the
equation, illustrating their relative significance. Other
results of the regression were:
MSE (residual) = 88,36
R? = 0.9868
Std. Error of Estimate = 9.3999
A partial BMDP output is given in Appendix C. With
respect to the initial goals listed previously, the first
two are satisfied (parsimonious and low total error). Plots
of the residual (R) versus the predicted, and R* versus

predicted are shown in Figures 3.6 and 3.7. These plots
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indicate a trend in the residual, with respect to the
predicted values, and a non-equality of variance. These
discrepancies are expanded upon later. A normal probability
plot of the residuals (Figure 3.8) supports an assumption of
norm=lly distributed residuals.

The non-linear regression produced the following
gquation:

PROD‘,,,,=-249.78=l=e'°-°°°“55‘lml + 1026.66

Estimated MSE = 92.73
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Psuedo R? = 00,9861
A partial BMDP output is given in Appendix C. Plots of
the residual indicate a similar trend as exhibited by the

stepwise regression, see figures 3.9 and 3.10.
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The normal probability plot, Figure 3.11, indicates
normality of the residuals.

At this point, further investigation was made into the
behaviour of the model, particularly with respect to the
residuals. Utilizing the parameters selected by stepwise
regression and the AR package, the correlation of the
parameters was examined. A listing of the BMDP control code
is given in Appendix C. The parameters remained similar to
those found by the stepwise package, (Table 3.2), but
additional information about the correlation between the

parameters was found, see Table 3.3.

Coefficient Asymptotic
™arameter Estimate Standard
Deviation
BO 786.3 1.833
Bl 8.653 0.2197
B2 19.11 0.8469
B3 6.313 0.3315

Table 3.2 Stepwise regression parameters
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BO Bl B2 B3

BO 1.0000
Bl 0.7006 1.0000
B2 0.8101 0.9806 1.0000

B3 0.2601 0.7299 0.6155 1.0000

|

Note: BO - Coefficient of Intercept
Bl - Coefficient of Binl/2
B2 - Coefficient of Binl/3
B3 - Coefficient of Bin3

Table 3.3 Correlation of stepwise parameters

The correlation between B1 and B2 is high, but could be
expected because of their similar functional shapes. This
procedure then validated the use of the AR program to study
further the results from the stepwise regression and compare
them with the exponential model. The residual versus
predicted, residual squared versus predicted and normal
probability plots are presented as Figures 3.12 to 3.14.

As one criteria for choosing a model was significant
parameters, a 95 % confidence interval for the parameter
estimates was found for both the stepvise and exponential
models. For example,

For the stepwise;
Estimate = 8.654
o = 0.,21971

A 95 % confidence interval is then;
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8.654 + 1.96%0.21971

= 8.653 + 0.4306
Notice that zero is not in the interval, indicating
significant parameter.

The other paramters;

BO: 786.27 ¢ 3.593

B1: 19.11 % 1.66

B3: 6.313 £ 0.650

The confidence intervals for the exponential are;

50
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BO: -249.78 * 6.39

B1: -0.000455 + 0.0000314

B3: 1026.66 £+ 7.00

Both the exponential and stepwise models had met an
equal number of the «criteria 1listed; however, the
exponential model was selected as it had one less parameter.
To further test the stability, subsets comprising fifty and
eighty percent of the data were randomly selected and the
regression re-run. Output from these runs appears in
Appendix C and no new or significantly different parameters
arise. The regression equations from these runs were:

50%: -250.21 * e-0.000452¢BIN + 1(026,51
80%: -249.80 % e-0.000452¢BIN + 1026.58

All of the above coefficients fit within the 95%
confidence intervals described above.

Since the regression was run at selected bin values,
non-standard bin volumes were also tested and compared to
the results from the regression eguation. The bin volume was
modelled as a uniform random variable between 50 and 5000
m®, The results are illustrated graphically in Figure 3.15,

The independence of the residuals and equality of
variance was a concern that surfaced at each regression
attempt. It is beyond the scope of this thesis to formulate
explanations and solutions to this problem. This is an
important concern and requires more research. This is

discussed further in recommendations for further research.
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Figure 3.15 Randomly sampled bin volumes

Notwithstanding the above point, the method of
regression had been proven to be sufficiently robust, and

was applied to the other simulation cases:

For u = 0.5, » = 0.2;
PRODyys = -249,76 * e-0.0045384BIN + 1026.74
For u = 50.0, » = 20.0;

PROD,y, = -249.76 % er0-00005e31N + 1026.65
Plots of the three regression equations, with the
simulation output superimposed, are shown as Figures 3.16 to
3.18. These equations will be analyzed to show that they may
be normalized and used on other simple, balanced systems
with different failure and repair time parameters and

production rates.
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Figure 3.16 Regression line with simulated points, 5.0
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Figure 3.17 Regression 1line with simulated points, 0.50

case
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Figure 3.18 Regression line with simulated points, 50.0

case

3.6 Normalization of Equations

It may be easily seen that the three derived equations
given with Figures 3.16 to 3.18 are not significantly
different except for the B2 parameter and that this
parameter is related by the scale of the failure parameters.
For example, there is a factor of ten difference between the
5.0 and 50.0 case. This factor is reflected in the B
parameter: 0.000455 for the 5.0 case and 0.000045 for the

50.0 case. To apply one eqguatior to another case, one would
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need only to multiply B1 by the ratio of the failure
parameters. In every case, the resultant equation would
contain parameters within the 95% confidence intervals for
that case. It would seem reasonable to assume that this
scaling could be applied to other, different situations if a
normalization of the equation was to occur.

First, the production rate was scaled by dividing by
the maximum expected rate, 1000 %; and to avoid altering the
equation, the bin volume was divided by this amount as well.
The result 1is that the ordinate, production, was now
dimensionless, and the abscissa, (originally bin volume),
was now in terms of hours (with respect to the maximum
expected production). A plot of the three cases is shown in
Figure 3.19. There is no change to the structure of the
plot, only a scaling has been done.

In order to "pull" the regression lines into one, it
had to be decided what parameter should be used. Obviously,
whatever the parameter, it must be with respect to time so
that the abscissa would also be dimensionless. In effect,
the line had already been scaled by both system parameters,
p and v, when the values were divided through by the maximum
expected production rate. It was decided that since u of the
system was of the larger magnitude, and that on average,
either machine would feed into, or draw out of the bin for
no longer than this duration, this would be the scaling

factor.
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Figure 3.19 Scaled regression lines

By dividing the bin parameter (at this time in units of

hours) by the u parameter, all the functions plotted as

shown in Figure 3.20. Clearly, each case is represented by a

very similar function. These functions are:

For the 5.0 case;
PROD,; = —0.2498 * e-2.273¢BINSCL + 1.027

For the 50.0 case;
PROD,;; = -0.2498 * e-2.273sBINSCL + 1,027

For the 0.5 case;
PROD,., = -0.2498 # @-2.269+BINSCL + 1,027

BIN
PRODSYS(GJ). B

Note: where BINSCL =
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Figure 3.20 Normalized regression functiorn

To convert the scaled value of production rate back to
%}, the result is multiplied by PRODy.), (as this value was
not divided by u). The form of the equation is intuitively
correct since;
3ifscr.. PRODyey = 1.027 = 1.0
and since;
(1.0) * PRODyyg(e) = PRODgyy(e)
and for BINSCL = 0 (and hence BIN = 0);
PROD,., = -0.2498 + 1,027 = 0.7772
whares
PROD,yy, = 0.7772 # 1000 = 777.2 = PRODgy0)
The above vzlue, calculated from the derived formula, is not

significantly different than that calculated using Equation
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1.1,

The power of this equation is that it can be used to
predict the increase in productivity with respect to an
increase in bin volume, regardless of the magnitude of u and
», Note that this particular equation was developed with a
certain minimum and maximum expected prcCuaction. These
values would have to be altered to suit the situation, but
as these may be calcuated directly and do not require
extensive zimulation, this is not a difficult task.

As there has been shown to exist a similarity between
the three cases when all have becn scaled, the scaled data
can be used collectively to produce a regression equation.
The regression line thus obtained is:

PROD,.,= -0.2498 * e-2.27+BINsCL + 1,027 P G PR D |
This reqression line will be used in the following chapters
for both the cost analysis and comparison against the

operations research technique.

3.7 Uses and Applicability of the Function

As the mining industry is diverse and operations must
conform to their available equipment and conditions, the
likelihood of a system exactly matching the constraints that
have been employed is small, so it must be stressed that the
function that as been developed is only applicable under the
previously stated conditions which are:

1. Input Rate = Output Rate

2. 1ldentical Failure Distributions for Input and
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Output

3. 1Identical Repair Distributions for Input and
Output

4. Constant COV (=0.20 {~ input, 0.15 for output)

Assumption (1) is the least restrictive of the four and
it may not hold true in many operations. While it is
possible that the failure and repair distributions types may
be equivalent, i.e. lognormal, the parameters of the
distributions are not likely to be similar. This unbalances
the system, i.e., the expected rates of the input and output
systems will differ. In order to rebalance the system, the
rates of the input/outpiut systems must be adjusted ( which
would violate assumption (1) ).

The assumption of a fixzed coefficient of variation is
also unlikely in an operating mine environment.

These four restrictions must be relaxe. before any
detailed work may be done with the normalized function. The
function does have application in the initial design phases
of a project. In these stages, the information available is
likely quite general, and the function may be applied,
keeping in mind the accuracy of the input. Using the "order
of magnitude" information that is usually available in the
initial stages of a2 project to generate data for a detailed
model is not only a waste of resources, but an obfuscation
of facts.

Further research that is directed at removing these

four constraints is required so that a similar, normalized
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function can be developed that could be applied more
specifically.

The distributions of the residuals is an area that also
requires more study. It is apparent from the plots of the
regression equations that a more detailed study as to the
causes of the non-equality of variance and the biased nature
of the residuals is required. The areas to concentrate in in
such a study would be the experimental design and run
lengths at each of the bin volumes. It is possible that due
to the shape of the curve and the effect of the bin size on
the system, unequal run lengths may be required in order to

stabilize the residuals.



4, Application of the Model

4.1 Outline of Chapter

This chapter contains three applications of the modei
defined in Chapter 3. The first is a comparison against the
analytical work of Elbrond (11). Next, the model is used to
predict the productivity of other siuple, balanced systems.
The estimates provided by the model are compared against
simulated results of the system under consideration.
Finally, the model is used in a sample economic analysis of

the installation of a bin.

4.2 Comparison with Analytical Techniques

As mentionead, the analytically derived equations of
Elbrond (11) have been programmed and the calculated results
are plotted in Figures 4.1 to 4.3. The regression line
obtained in Chapter 3, Equation 3.1, is also plotted on
these graphs. Due to a lack of real knowledge of Elbrond's
system and procedures, no more rigorous, statistical
comparisons could be made. The graphs do however indicate
that with respect to the simulation generated equation,
Elbrond's estimates are very conservative. There is also the
case of the different iitercepts. It is felt that the case
where the machiines do not Jdeteriorate while forced down is
more representative of real world conditions. The product
rule formula. as applied by Elbrond, produces a lower value

for the intercept, consistent with his overall lower
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Figure 4.3 Elbrond function and 50.0 case

estimates of productivity for given bin volumes.

4.3 Predicting Production of Other Balanced Systems

The regression model was used to predict the production
of several, different systems. All systems remained
balanced, ané the COV was the same as for the previous work.
The MTTF ,MTTR and production rate were selected at random.
A list of the selected simulation parameters is shown in

Table 4.1. Using Equation 3.1, the production rate was
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Case PROD ==iEETF MTTR BIN o
(m3/hr) (hrs) | (hrs) (m3)
l 2500.0 10.0 6.0 5000.0
2 5000.0 10.0 2.0 1500.0
3 800.0 5.0 4.0 500.0
4 2340.0 9.0 3.6 6000.0
ﬂ75 2340.0 18.0 3.6 1200.0

Table 4.1 Selected test case parameters

estimated for each system at various bin volumes. The basic
equation as developed previously, can be seen to contain
error in the parameters, as would be expectad for an
pexperimentally derived egquation. With sufficient samplifg
the B2 parameter should approach unity, so that at the latrge
bin volumes, the normalized productivity is equal to unity.
By multiplying through by the maximum expected production,
the theoretical limit is found. The equation then takes the
form;

PROD, ;= -BOse-2-27°BINSCL + 1e0censcoscscascsssldel)

vwhere:

BINSCL = BIN
PRODsys(m)' B

Formula 4.1 is then the final equation to be extended to the

other systems. The only unknown quantity is BO and this may
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be found from Equation 4.1. Given BIN = 0, then BINSCL = 0
and Equation 4.1 becomes;
PROD,., = BO + 1.0

Using algebra, (see Appendix A), BO can be reduced to:

“1
B0 = —m
(b +2-1)

Now all three parameters of the egquation are known and
may be easily calculated. Once the normalized production has
been found for the bin volume in question, multiplying by
PROD,y4(.) gives the estimate in %5.

To verify these values, the simulation model used
previously was run and the estimates recorded. Each
verification run contained 24 independent estimates of the
expected production rate, from which the standard deviation
was calculated. Table 4.2 contains the mean value from the
simulation runs and the estimate from the model. The
functional values approximate very closely that of the
simulated cases. In all of the cases except (4) the function
value is within a 95% confidence interval. Even with the

small sample size, the function appears to be unbiased, with

a mean percentage error of 0,.80.
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Case Simulated Standard Function $Error
Mean (m3/hr) | Deviation | Value (m3/hr)

= — ———————

1l 1314.6 51.2 1356.2 3.2
2 3706.1 63.7 3617.6 -2.4
3 345.5 16.4 362.0 4.8
4 1572.0 14.8 1521.4 -3.2
5 1719.6 . 16.4 1692.2 -1.6

Table 4.2 Comparison of function and simulation:

4.4 Economic Justification of a Bin
This section is not intended to be a rigorous, economic
proof of the benefits of inserting (or increasing) the bin
volume between two serially connected machines. The
- assumptions made concerning bin construction costs, and
commodity values limit the exercise to a simple
demonstration of the use of the function.
The base system, defined in the Chapter 3, (cf Table
3.1) will be used. ** will be assumed that the system is

presently operating without a bin and a payback period for
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each bin volume will be calculated. The material will
assumed to be oil sand, yielding one barrel of synthetic
crude oil per cubic metre mined. Profit per barrel of
synthetic crude has been estimated at four dollars per
barrel during normal operation. As when the bin is operating
due to machine failure the cost of moving the material will
increase (due to dozing of "dead" volume etc.) the
incremental profit has been decreased to $3.25 per barrel.

Any costs will be highly dependent upon the location of
the mine, the type of material and the production
requirements of the plant, among other conditions. Since
only an outline of :he use of the function is to be given, a
cost per cubic metre of bin volume was assumed. This cost
was arrived at after discussions with others in the mineral
industry and was taken to be $3500 per m®> of capacity. This
cost has been assumed to cover all construction costs for
the bin structure as well as all associated fewding and
transport equipment. Obviously a straight line cost function
is simplistic, but it will suffice for this simplistic
example.

The actual analysis will be limited to finding the time
to repay the cost of the bin. Any more detailed measurement,
such as return on investment, would require a knowledge of
the tax structure of the company involved. As this situation
would be vastly different for different companies, and
chznging within a single company, this type of analysis will

not be pursued.
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For each bin volume, the cost of the bin is calculated,
and with Equation 3.1, the increase in production over a
zero bin situation is found and then multiplied by the value
of the product, $3.25 per cubic metre, to find the savings
realized in one year due to the bin. The results are

tabulated in Table 4.3.

F;I; Volume B£;=éost S;:;;gs Payback
(m3) ($) over 1 Yr. (years)
($)
50 175,000 142,002 ‘ 1.23
100 350,000 280,808 1.25
200 700,000 549,153 1.27
300 1,050,000 805,591 1.30
400 1,400,000 1,050,644 1.33
500 1,750,000 | 1,284,819 1.36
1000 3,500,000 | 2,308,711 1.52
2000 7,000,000 3,774,936 1.85
3000 10,500,000 4,706,104 2.23
4000 14,000,000 | 5,297,477 2.64
5000 17,500,000 5,673,050 3.09
I— I
Table 4.3

Payback period for bin construction costs
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Clearly, the bin is a very cost efficient method of
increasing production. The costs and profits have been
assumed, and are open to discussion. Again, the absolute
value of the numbers is not important, rather the use of the

function is the key point.



5, Bin Perturbation Analysis

5.1 Introduction

The major drawback to the previous method (brute force
simulation) is the number of runs required to produce the
final result. In many real world situations, computer time
is always a scarce resource; therefore, any procedure that
reduces processing and turnaround time would be a welcome
one. Such a procedure has been developed by Ho and others
(14,18,19) and will be employed here and the results
compared with those from the previous sections. This
procedure will allow for the estimation of the partial
derivative of system performance with respect to bin size,
in addition to the usual point estimate obtained from a
single simulation result.

Previously, many simulation runs were performed, each
yielding a single point estimate of production, These were
then used to produce an analytical function relating bin
size to system production. As this function is continuous
and differentiable over the interval 0 € x < =, where » is
the bin size, the partial derivative of system performance
with respect to bin size exists. With only minor
modifications, the previous model can be used to estimate
this partial derivative within a single run. This estimate
will then be compared with the partial derivative obtained
from the analytical function derived in the preceeding

chapters. This comparison will be done using standard,

70
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statisvical methods. The accuracy and the applicability of

the perturbation method will be explored.

5.1.1 Outline of Chazpter
This chapter is divided into two sections:
1. explanation of bin perturbation analysiu
2. examination of results
In order to completely (and intially, simply) define what
bin perturbation analysis (BPA) is, Section one will contain
two separate (but related) discussions. Firstly, taere will
be a written explanation of the theory. Second, a more
rigorous, algebraic presentation will be given
The final section in this chapter contains the res: :s
and all associated comparisons and conclusions.
Appendix B details the changes made t< the model, the

initial conditions and any other -related modifications.

5.2 Discussion of Bin Perturbation Analysis

Bin perturbation technigues allow for evaluation of the
estimate of the partial derivative of system performance
with respect to bin size by simulating the nominal
(original) system and evaluating a "what if" question at key
event times. Specifically, at each bin full event, the
question "what if the bin kad an extra volume equal to one
unit of production?" is asked. The production that could
have been realized if that extra unit of storage had been

available is evaluated. By summing this quantity over
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simulated time, the partial derivative mentioned previously
may be crlculated.

To wisualize the technique, consider a worker standing
by the bin with . -~ 7uctions to hold one unit of production
shoulé. the bin Y- -ae full. By taking the wunit of
production, the worker allows the input machine to continue
to produce for & time period equal to the unit volume
di-ided by the production rate of the machine. This gain in
production time is termed a local gain. The next time this
worker holding tie unit of production may act conctructively
is when the bin becomes emptv. He now relinguishes the
voiume, thus allowing the output machine to process one more
unit of preduction. The local gain that was initiated by the
previous bin full condition has been realized by the system
aré thus becomes a system gain.

I+t is important to realize that & local gain does not
necessarily become a system gain. If the bin becomes full
only once during the production history and never empties,
the worker does not get the opportunity to realize his local
gain. Also, as the worker can only hold one unit of
production, suceeding "bin full" events without intervening
"bin empty" events are of nil value. There also exist
"propagation rules" when there are multiple bins. These
rules describe how gains at one point in the system are
transmitted through, eventually becoming a system gain or
being cancelled altogether. For the simple system under

consideration here, these rules are not necessary as there
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is enly one bin from which a "gain" can originate and with
upstream feed and downstream sink infinite local gains are

always global.

5.3 Algebraic Presentztion of BPA Techmniques

A nmore rigorous, algebraic cefinition of the preceeding
section will be given. This explanation follows, in essence,
that presnted by Eyler {14) and Ho (1°: but will contain the
modifications and simplifications al.iowes fcr by the simple
system under consideration. For a more detailed treatment of
the proois, the reader is directed to the above references.
The list oi cymbols employed in ithis develcpwent ,which are
based on those of Eyler {i4), are given in Table 5.1,

As this thesis deals with a two machine, one buffer
(bin) operation, the algebva will reflect this. The method
is not limited to this configuration a:? may be extended to
far more complex c:ses.

The transfe. ‘ine consists of the input machine, M,,
the intermediate storage bin, B,, and the output machine,
M;. The assumption of Chapter 1 regarding infinite supply
and sink remain in effect. The possible states for this
system are then;

Assumption 1:
1. M, up, M; up, production at 1400 %}

2, M, down, M; up, B > B,;,, production at 1400

m?
h

3. M, down, M; up, B = B,;,, production at 0, M;
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S ]

Meaning

Machine one; Input

Machine two; Output

Bin between Input and Output
Minimum bin volume

Maximum bin volume

Observation period for machine i
Total production fer r.chine i
Production rate for machine i
Du: stion of ktR failure

Production history of machine i
over interval

Bin content over interval f
Local gain of machine i

Perturbed production history of
machine i

Perturbed bin content

Perturbed machine state

Table 5.1 List of symbols used

is forced down due to M,

M, up, M; down, B < By production at 1400

m:

h
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5. M; up, M; down, B = B_,,, production at 0, M,
is forced down due to M
6. M, down, M, down, production at 0
Notice here that the system is either producing at full
capacity or zero. In this system, operation at less than
capacity is not possible; hence, there is no slowed down
(SD) state as cunsidered by Ho and Eyler.

In order that the system start and end with the same
condition, an empty bin, each unit (m?) "mined" by M, will
be "processed" by M,. The observation period will be set to
accormodate this condition. Previcusly, th= observation
peric8d hed been set as a functivn of the bin volume. Now, as
the concern is with the number of times the bin becomes
full/empty, it is necessary to ensure that all of these
occurrences have had the opportunity to make their way
through the system.

Assumption 2:

Given that:

P; = observation period for machine i
~m; = total productior for machine i
p; = production rate for machine i
dy = kth failure
Then,
m; = (P; - Zd,)*p; for i = 1,2

Random failures have been assumed to be operation time
dependent, so the sequence and duration of failures for a

machine in the 1line will be equivalent to those of an



76

"isolated machine". That is, by placing the machine in the
line, we have not affected the sequence or duration of
random failures as they would have occurred if the machine
had been operating without the interference of the second
machine. However, what will change will be the actual time
that these events occur. This is so since the machine may be
forced down by the other machine and undergo a non operating
period where it will not deteriorate, and thus the random
failure will occur later in time than for the stand alcne
machine. This is an important concept since, by placing the
machine in the line, we are not altering anything physical,
merely the timing of certzin events. This concept of
"shifting time" is central o perturbation technigues. By
placing the machine in the line, we lave shifted the
occurrence of events further down the time line (due to
machine interference). In perturbation analysis, we are
attempting to analyze the effect on the system, when events
are shifted to the left on the time line (making the events
occur sooner than in the non-perturbed path). Again
remember, nothing physical is being altered. Only the
cccurrence of the event in time is being changed.

Definition: The nominal production history for M;, during

the interval 0 s t € s, is:

#

ysie) =0 if ry =g ct € v, 1 <k sSN

yi(t) = p; otherwise
where:

r, is the end of the kth failure
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dy is the duration of the kt» failure
N is the number of failures observed
The total production, m;, through time is now:
m=| yi(t)at
The amount of material in the bin at time t is denoted
as x(t) with the maximum value of x(t) equal to the bin
capacity, Bp.. The change in the bin content is then:
x(t) = y,(t) -y,(t) 0 £t <ss
As stated previously, x(0) = 0,
* formulations will now be used to explain the
s, a small change, or perturbation, in the history of
a k.. hine. This perturbation may be of any variable in the
system, but for the purposes here, only changes in the bin
size will be examined. By changing (increasing) the bin
volume by a small amount, &, a machine will achieve
production values that would have previously occurred later
in time. This is the shifting of the time line mentioned
earlier. The machine is now said to have realized a local
gain, g;, and y; becomes:
vi(t) = y;(t), t s t,
=y;{( t + g;) t, St <S¢t
[ti,t:] is the interval in time that the system is being
perturbed. The bin content will also be changed:
x:(t) = x,(t) + py*g, - p,%q,
Ir order that this perturbation does not cause any new
forced down (FD) states, it 1is assumed that g; is

sufficiently small so that no new bin full/empty conditions
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are generated, i.e.:

Bpin € X3(t) £ By, during all g;
Assuming that the perturbation has taken place, it still
remains to define the path of the perturbation, or its
propagation through our simple system. An important point to
realize here is that the two machines only affect cne
another through full output (FO;, i.e. bin is full and the
input machine must shut down, <r no input (NI1) conditions,
bin is empty and the output machine must shut down. Between
these two occurrences, the bin volume has no effect on the
production of the two machines. The unit gain in production
that began with the first *@ ncindition will remain in the
system until the first NI ec:dition occurs. This is the
"bounce"” that Ho (19) refers te, i.e. the bin volume has
changed from full to empty. Since the gain originated at the
input machine, through the bin full event, its production
history has already been shifted forward in time:

Mi(t) = Mi(t + g;) V t <t

This is providing a "shift" does not occur. The concept
of shifting will be discussed later in this chapter.

This gain in time will be propagated to machine 2, the
output machine, only when there is a no input conditon. Let
there be the first NI during [ta,t.] after the initial bin
full conditon. Now, since M, cannot be affected Dby the
status of M, as long as x(t) > Bp,, we have:

M, = M Vi, <t<t,
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The ending of the no input state is dependent solely
upon M,, whose state has been translated forward by the size
of the initial gain, g;. So now;

NI; [ta,t;] = NI [ts,ts] - g
M;(t) = M (t + g,)

The gain has now been propagated to M, and is of the
same magnitude as the original gain at M,. This gain is now
termed a "system gain". This cycle or T"bounce" is

illustrated in Reference (19).

5.4 Shifting

The term shifting refers to a major shift in the
production history of a machine. I1f, by virtue of the
extended production time caused by the increase in the bin
volume, M, fails, the FO condition is eliminated. This
condition (the FO) is replaced by simultaneous down states
of bosth machines. This phenomena causes & large increase in
productivity, not accounted for by BPA theory. The
production rates used for the experiments in this work are
quite large and the time required to produce an extra "unit"
is very small;

With p, = p2 = 1400 &,
Time to produce 1 %} = 1, / 1400,
= 0.00071 hours
The probability of a machine failing during this time span

is low and thus, shifting will be ignored.
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5.5 {alvuiation of the Estimate
1f, throughout the simulation, these time gains are
summed, and the time to produce m units is denoted as S,
then the gain in time due to the increase in volume is:
s = S(B) - S(B+1)
Taking the change in B as AB:
s =ztx(S(B) - S(B+AB))

Taking the limit as AB approaches 0:

e = 98
5= 3B

For production, P, = %, where

m = units produced (constant)

S = time to produce r units

then:
_ M 2P
$ = pi*3B
or:
- m ap
5 = Tm/s):® 9B
2
Finally,
oP _ s*m
B §?

If m is set, S will be the time to produce these units and s
is the estimate of the system gain. We are able to calculate
the estimate of the parvial derivative of system performance
with respect to bin size, %%. It is this value that will be
compared with the partial derivative of the previously

developed equation.
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5.6 Simulation

5.6.1 Implementation and Comparison

The changes to the original simulation code, as shown
in Appendix B, were coded and the model re-run at each of
the previously simulated bin volumes. The results from this
simulation are tabulated in Table 5.2. The trend exhibited
by these estimates is as expected. The estimates are
approximately constant, and then gradually decrease. As the
estimates are of the partial derivative with respect to bin
volume, they indicate a linear relationship between bin
volume and system productivity up to a certain bir -plume,
after which system productivity is independer: of bin
volume. This "asymptote" occurs at approximately 2000 m?® of
bin volume. From hin capacities of 2000 m*® to 3000 m® the
derivative sharply decreases and loses an order of magn: iude
by 4000 m®. In validating this technique, the derivative of
the previously obtained regression equation may be
calculated easily and then compared with BPA results at the
various bin volumes.
The equation:

PROD = -0.2498%e-2.271¢BINSCL + 1,0267
Taking the first derivative with respect to BIN:
-5%% = (0.5673)*e-2.271eBINSCL

This equation was then evaluated at each bin volume. The
results compare favourably with the BPA technigue, as the

trends are similar. The area in which the BPA technique
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Bin Volume | Perturbation| Function
(m3) Result Value

50 0.05441 i 0.1109

100 0.05467 0.1086

200 0.05594 0.1036
300 0.05568 0.09901
400 0.05659 0.09461
500 0.05638 0.09040
1000 0.05715 0.07204
2000 0.05591 0.04574
3000 0.01629 0.02905
4000 0.00470 0.01844
5000 0.00244 0.01171

)

Table 5.2 BPA estimates and function derivative values

deviates most noticeably from the analytical value is at the
smaller bin volumes. It is here that the most "noise" will
be exhibited. The frequent bin full/empty conditions, the
tolerance and step size all have a relatively larger effect
on the accuracy of the final result than for the other

sizes. BPA analysis indicates an almost linear relationship
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up to approximately 3000 m’. Thke analytical function does
not exhibit this property, but the magnitude of the
derivative of both methods does begin to decrease most
noticeably at approximately 3000 m®. The type of information
provided bty BPA is comparable to that given by brute force
simulation. It can be concluded that the BPA techniques
underestimate the derivative for volumes up to 1000 m?, fit
well between 1000 and 3000 ° and then underestimate once
again for the larger bin volumes. Again this is not
suprizing with the large number of events and accompanying
noise at the lower levels, and the relatively
(statistical’ ' small number of observations that will occur
at the large volumes. Since BPA underestimates, this would
provide a conservative estimate in terms of productivity

improvement, with respect to increasing the bin volume.

T 7.7 Stability of Estimate

~aile work dore by Zazanis (28) indicates a certain
stability of the PA edcimate, this warrants further
investigation for the system under study here. Zazanis' work
is in the area of single server gueues. The system here is
different in that it is a transfer line, and the flow is
continuous. There are several methods for doing this, one
being multiple runs as was done for the regression
equations, or alternatively, examination of the estimate %%
at each "bounce" of the production history. Each bounce will

provide a realization and the distribution of this variate
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will be examined. Specifically,

8P _ m.*s{t]
0B t2xT
where:
%% = estimate of partial derivative with respect to

bin volume.
m, = volume of material processed at time t.
s(t) = number of bounces at time t.

T

cycle time.

t = time of eve -

By recording the estimate, its stability, as well as 1its
independence (or dependence) on time anc material processed
will be indicated. Recall that a volume of material was
placed before M, and when this volume had been processed,
the simulation was halted and the estimate calculated. The
progression of this estimate would indicate whether the
volume chosen was sufficient.

Initial simmlation runs were performed and the results
indicated that the total volume to be produced by the
system, m, was not sufficient. The progression of the
estimate demonstrated that a steady-state had not yet been
achieved. Closer examination of the estimate revealed large
fluctuations in the initial values. This situation indicated
that the estimate is sensitive to the start-up conditions.
The model was re-run with the same initial volume, but with
statistics only being recorded after five hundred (500)

hours had been simulated. The results still indicated &

problem with the estimate. In order that the estimate



85

achieve a steady state, the volume to be processed, m, Wwas
increased by a factor of 10 to 1 * 10’ m’. For a system with
a 1000 m® bin, this would require, on average, 11,429 hours
of simulated time. The estimates were found to be relatively
stable, and the final estimate of each simulation was more
accurate, with respect to the the mean value from the 24
separate simulations than was the case for the smaller
volume to be processed.

Since the individual estimates had been recorded, an
analysis of their distribution could be done. Using the SLAM
summary reports, weak normality is indicated for most cases.
With the larger bin volumes, the number of bounces is small
and it becomes difficult to comment on the distribution
type.

while Zazanis reports generally well-behaved and stable
estimates, this has not been found in this study. The
estimate is sensitive to start-up conditions and requires a
(proportionately) 1long individual simulation run, with
respect to the brute force simulation method, to stabilize
the final results. It should be kept in mind that in order
to obtain the estimate of the derivative with the brute
force method, many simulation runs were necessary, in
addition to a regression of the data.

The normality of the estimates, while demonstrated in

some cases, has not been proven to exist in all cases.
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5.6.3 Conclusions of PA Applicability

Perturbation analysis is a derivative estimation
technique, and, as with any such technique, there is error
involved. PA does allow for the estimation of system partial
derivatives within a single run with a minimum of
computational effort. These estimates have been shown to
exhibit similar trends as the experimentally derived
function. The accuracy of the estimates is a function of the
shape of the analytical equation and the portion of the
curve that is under consideration. PA estimates perform best
near the "optimum value"; that is, whe:e the curve begins to
approach the theoretical maximum limit. In areas of quickly
changing derivatives, such as in the initial bin volumes, PA
techniques provide an order of magnitude type estimate. The
main drawback, with the function under study here, is that
PA techniques assume a linearly increasing function of
production with respect to bin volume. Therefore, the
derivative is relatively constant up to the asymptote. The
derived function indicates strongly non-linear behaviour in
this area, and the change in productivity with an increase
in bin volume in this area is much more significant than PA
indicates. What PA then fails to tell the engineer, in this
case, is which portion of the curve his system currently
operates on. The proportionate increase in productivity per
increase in bin volume is unclear using PA only.

The benefits of PA are that it does allow for quick

evaluation of system performance within a single run, and
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may help to justify additional and more detailed study.

A very important benefit is that PA may be implemented
through a simulator, or with actual field data. In regards
to bin studies, the information about the bin full/empty
conditions is likely recorded at many mine sites. This
information could be utilized on a regqular basis to evaluate
the effectiveness of the operation. As the information is
available, the cost of implementation would be likely quite

low.



6. Recommendations and Conclusions
In this thesis, a function was developed that related
system productivity to bin volume for three different, yet
controlled systems. It was then shown that these functions
could be normalized by machine failure parameters, bin
volume, and system expected production rate to produce one
function. This function could then be extended to other
systems that met the design criteria. Reiterating these
criteria, they are:
1. Input Rate = Output Rate
2. Identical Failure Distributions for Input and
Output
3. 1Identical Repair Distributions for Input and
Output
4. Constant COV
As these conditions may place unrealistic constraints
on the usage of the function, future research should be
directed at their removal. The recommended place to start
would be to develop a function that allows for different
coefficients of variation. Further work then could extend to
simultaneous removal of the other three conditions, as they
are likely inter-related. The more failure prone system will
likely be overdesigned so there is some "catch-up" capacity
so that the expected production rate of input equals the
expected production rate of the output.
Further extensions of the work could lead into more

complex lines, with multiple bins and greater than two

88
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production systems.

The development cf a truly general function would
provide major benefits to engineers, reducing time and costs
in the preparation of productivity studies.

In the course of developing the more general function,
a detailed study of the experimental design must be done so
that the distribution of the residuals may be better
understood. Until this is done, no detailed statistical
statements can be made about the functions that are
developed. As mentioned previously in Chapter 3, the run
lengths at each bin volume may need to be adjusted. At the
lower bin volumes there is proportionately more noise
involved due to the large number of bin full/empty events,
than would be present at the larger bin volumes.

The techniques of PA were analyzed and compared to the
simulation generated function. PA provides an opportunity
for the better use of data, which in many cases may already
exist. While it 1is sensitive to simulation start-up
conditions and duration, it does provide the engineer with a
general idea of how the system may operate. The accuracy of
PA statistics also depends on the level at which the system
is currently operating and the type of relationship between
productivity and bin volume.

Care must be used to not infer too much from the PA
results as they may be misleading, especially in the areas
where the addition (or enlargement) of a bin has the most

potential benefits.
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Appendix A

Contents of Appendix A:
-pp 94 - 97 Explanation and source listing of
Elbrond code.
-page 99-100 Algebra for reduction of heuristic
approach to that of Barlow and Proschan.
page 98 Algebra for calculation of the BO

parameter,
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The procedures of Elbrond (11) have been coded in FORTRAN
and run on the system at the University of Alberta. The
listings of the code are provided at the end of this
appendix. The program has been validated by using it to
reproduce graphs presented in Elbrond's paper.

while a relatively simple tool to use, Elbrond's
formulations only indirectly account for the randomness of
machine outages. In comparing results, Figures 4.1-4.3 we
see that Elbrond's values are always conservative with
respect to those obtained through simulation. As the
procedure is not using the random outage data directly, the
answers may be purposely conservative.

1t must be noted here that only the balanced case has
been coded and tested. Addition of the 1logic for the
non-balanced (with respect to internal outage data) cases
would prove to be more difficult.

When running the data, a drawback becomes apparent in
providing "loss calculation" data for the bin. By assuming a
frequency, some knowledge of the bin and system is implied.
Clearly in an initial design stage, this type of knowledge
may not be available. As well, the same freguency was used
throughout the tests as no better data existed. The larger
bin volumes would clearly have a different loss frequency
than the smaller bins. As it was not the purpose here to
investigate the sensitivity of this procedure to various

input parameters, this simplistic approach was selected.
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The net result of this study has been a validation, of
sorts, of the simulation technique applied throughout this
thesis, with the analytical approach of Elbrond. The results
of the simulation compare well with those of Elbrond and
increase the confidence in the correctness of the model.

In light of the opportunities presented by perturbation
analysis and the benefits of dynamically modelling a
stochastic system, any reduction in computing and set-up
provided by the analytic technique is to a large extent

negated.
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educe the heuristic approach to that of Barlow Proschan:

ky )
bt 4 by * Yy
siven, 1y =
v Vv
1 - 1 2.
bt Y by + Vg
sathering like terms
Tn _ 1 ”’1”2
0= V1¥e . L UV otV Y
1 — TV T P Hg i Vot Byt
Pybg T BV T Villy TV
Sl
By + BV Vi
1
T =
0 1+ +4%
)

Which is equivalent to the Barlow—Proschan formula forj=2.
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From availability theory, we want B0 such that:

PROD
-B0 + 1.0) - PROD =
(-B0+1.0) sy5(w) 14+ 71 +%
by K

so then we want:

PROD
B0 - PROD = PROD -
(BO - PRODgyq(q) ) sys(a) ——
1+%1 + 2
by
leidlng by PRODsyS(m):
BO=1 — PROD _].__ 1
1+ _'f_{_ + 2 PRODsys(m)
1 M
PSR — . H’
but since; PRODsys(m) = PROD 1
' ko + v
-1
BO =1-— 1 Ky
1+ +% b+ oY
o
Bo=1- By + Y
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and since gy = py and vy = vy,

Bo=1-(# *+v)
(l‘l‘*‘ 2'”1)

simplyfing;



Appendix B

SLAM PC student version 3.0 used.

Microsoft PC FORTRAN complier version 3.31 used.

Contents of Appendix B:

-pp 102-110 FORTRAN listing of simulation code
for bin perturbation analysis

-pp 111-112 SLAM input statements for bin
perturbation analysis and commands for compiling
and running simulation.

-page 113 Sample output for bin perturbation
run,

-page 114 Comments on bin perturbation code.

-pp 115-117 FORTRAN code for no bin simulation.
-page 118 SLAM control code for no bin
simulation.

-page 119 Sample output.
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SAMPLE OUTPUT FOR BIN PERTURBATION RUN

INPUT RATE 1400.0 M**3/HR
OUTPUT RATE 1400.0 M#**3/HR
BIN VOLUME = 1000.0 M¥**3
TARGET PRODUCTION 10000000.0 M#**3
PRODUCTION RATE ACHIEVED = 854.4 M**3/HR
DIFF PROD WRT BIN VOL = .59028800E-01 M**3/HR (M**3 BIN)
INPUT RATE = 1400.0 M**3/HR
OUTPUT RATE = 1400.0 M**3/HR
BIN VOLUME = 1000.0 M#**3
TARGET PRODUCTION 10000000.0 M**3
PRODUCTION RATE ACHIEVED = 855.6 M**3/HR
DIFF PROD WRT BIN VOL = .57567910E-01 M**3/HR (M**3 BIN)
INPUT RATE = 1400.0 M#**3/HR
OUTPUT RATE = 1400.0 M*=*3/HR
BIN VOLUME = 1000.0 M**3
TARGET PRODUCTION 10000000.0 M**3
PRODUCTION RATE ACHIEVED = 858.0 M*#*3/HR
DIFF PROD WRT BIN VOL = .57635130E-01 M**3/HR (M**3 BIN)
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To collect the bin perturbation estimate at each
bounce, change the calculation for XX(14) as shown
below (see label 702):

XX(14) = XX(14) + 1
XX(21) = (SS(3)*(*XX(14)/XX(2)))/(TNOW*TNOW)
CALL COLCT(XX(21),1)
WRITE(11,991) XX(21)

991  FORMAT(' ',G20.8)

Now change the write statement in OTPUT for
the differential with respect to production
(see label 125):

WRITE(8,125) XX(20)*((XX(14)/1400.)/TN))

Any other changes, such as opening and closing the
unit to write to, also have to be done.

When runnlng BPA initiallize S5(1), the bin, to zero,
for base simulation case, initiallize bin to one half
full.

All other changes are documented inline.
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SAMPLE OUTPUT FOR 0 BIN

000.0000000
000.0000000
000.0000000

RUN:

782.7802000
773.1516000
783.3796000

SAMPLE OUTPUT FOR SIMULATION RUN, 5.0

50.0000000
50.0000000

1000.0000000
1000.0000000

793.1085000
778.0775000

849.6597000
856.5233000

CASE
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Appendix C

Contents of Appendix C:
pp 121-125 Stepwise regression output.
pp 126-129 Exponential regression output.
pp 130-133 Non-linear regression output.
pp 134-137 Random bin sampling output.

pp 138-143 Output from 5.0 simulation run.
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=jejolofoNoloNoNoloNoloNoYoNoYoYoXoXoRoRo Re ke ko)

PROD

782.7802
773.1516
783.3796

791.316
789.6464
784.4707
783.5894
756.5776
783.0757
760.0313
789.7604
789.7618
781.4619
786.5802
770.7352
774.7625
776.5016
788.0791
791.6599
781.2452

781.101
774.7738
774.5035
794.3915
793.1085
778.0775
787.8795
799.8044
782.8888
789.0178
788.2644
787.6731
775.8854
789.4554
783.4858
785.9789
785.9103
787.4026
778.3536
787.7987
790.4625
792.9443

784.584

781.152

783.£39
791.2208
789.0256
796.3348
795.1037
785.2184
798.2462
806.5415
785.4111

784.269
793.2587

138



300

788.6879
781.0127
794.6133
780.0931
793.9918
785.4764
784.6072
789.4303
790.5417
798.9287
784.4974
782.0414
794,989
796.5459
797.4926
794.4417
803.0319
795.434
800.7349
806.2567
796.9622
794.6693
807.444
797.9331
797.2924
809.6174
797.3965
794.7546
803.7197
787.3024
804.8665
805.1223
800.7303
801.5194
789.5724
792.9995
793.8251
811.5396
812.0254
804.2516
809.4833
801.4246
811.0372
813.2736
810.9973
803.2118
811.2881
797.9594
807.07
819.3198
797.1348
798.299
806.7531
805.7761

139



804.0015
810.75C7
800.8432
802.4337
800.2136
802.4004
797.2116
812.8367
811.395
799.0856
815.5559
807.3851
820.2181
819.2941
815.4408
815.582
810.6449
808.5908
827.376
821.1628
808.3223
816.485
814.2057
804.0566
822.082
806.4
814.8368
822.7828
815.1268
810.4317
813.7427
828.8154
809.2522
792.952
819.9606
813.8812
828.3419
839.8479
812.2861
817.4349
817.1127
814.9158
832.2291
824.2424
829.3828
814.1616
831.2084
814.7324
819.9907
818.6912
809.7858
831.8927
814.8498

140



2000
2000
2000
2000
2000
2000

815.1536
810.4762
847.4508
829.0208
812.1351
849.6597
856.5233
870.7448
862.4464
854.4501
844.4004
863.9838
847.5239
854.4756
848.5557
858.3412
863.2211
859.176
876.7823
862.7052
856.3215
859.074
853.8702
866.1852
854.7687
861.111
859.3833
860.0236
855.0546
928.3699
931.1099
930.4238
942.4889
928.87
931.2272
938.1504
920.9135
933.111
922.7126
933.6776
929.8521
942.2642
924.1339
921.6668
929.6343
©38.5659
931.237
933.6493
945.3303
917.0907
922.5084
934.8816
927.9903

141



968.8617
971.6637
989.4139
989.4406
978.4316
979.2277
965.4062
985.6754
974.1453
977.8297
987.1377
968.8516
985.3895
972.9922
981.6931
971.1444
963.4821
979.3557
976.5243
968.6918
965.0892
975.7776
972.6005
968.0421
986.8931
989.8858
999.069
993.54
994.024
984.9141
977.8368
987.8377
988.4449
987.6884
994.8005
982.8914
991.8788
982.4254
997.5474
983.7496
982.4212
998.0947
992.8417
978.1265
986.9221
983.5797
978.2834
980.0798
988.3937
994.9146
1000.029
994.5615
995.2272

142



5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000

990.9604
986.96
995.9687
993.5308
989.045
995.0168
993.4951
995.041
988.5618
992.9546
987.7101
989.2824
1001.827
992.9337
981.0148
995.6024
988.5024
982.5032
987.3751

143



