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ABSTRACT

This thesis contains an analysis of the current tech-
niques available for estimation of the production from open
pit mining operations. It examines in detail three techniques
whicﬁ are based on the use of probability distributions for
each activity. These techniques are:

A. Simulation using Probability Distributions (often

called Stochastic or Monte Carlo Simulation).

B. Cyclic Queueing Theory - an estimation model is

developed in the thesis.

C. Finite Single Server Queueing Theory - an approxim-

-ation method developed by Dr. J. Elbrond (14).
Since the accuracy of these techniques is dependent upon
accurate knowledge of the probability distribution of each
activity, an analysis of data collected fro& an operating open
pit mine is preéented. The data is used to establish probab-
ility distributions for the 1oad, haul, return and dump ac-
tivities. The thesis relates the parameters of these
distributions to the activity times calculated (for the
particular equipment and haul profilgSL from the equipment
manufacturer's performance charts,.

An examination of the occurrence of steady state and
optimal scheduling is undertaken, and a comparison of results
from the three probabilistic production estimators is pre-

sented.

-iii
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Since the conclusions in this thesis were based on
data from relatively few operations, and there was consid-
erable variation within this data, the author suggests that
companies use the procedures outlined in this thesis with
data extracted from their own operations to establish the
distributions and parameters applicable to the mining activ-
ities, under the particular operating procedures used.by

the company.
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INTRODUCTION

One of the more important activities in an open pit
mine is the transportation of the ore from the pit to the
mine plant. Although some companies use unit trains or
conveyors, the majority of operations rely on a fleet of off
highway trucks to perform this function.

The size of off highway trucks has risen dramatically
in recent years from a maximum capacity of 45 to 50 tons in
1960 to a maximum capacity of 180 to 230 tons in 1976, and
promise of giant 350 ton trucks in the near future (the
Terex Titan has been undergoing development at the Eagle
Mine, Ca. for the last 4 years). Equally spectacular has
been the increase in the purchase price of these units,
which now exceeds one million dollars per truck and is ap-
proximately three mi%lion dollars per shovel.

In order to take full advantage of the economies of
scale these huge units offer and realize a profit on the
mining venture, it is imperative that maximum efficiency be
achieved in the use of both trucks and shovels. The last
ten to fifteen years has seen the development and uée of
deterministic and monte-carlo simulation techniques on com-
puters, to maximize the production of trucks and shovels
in a mining system. More recently many mines are attempting ﬁ

to use computerized systems to increase the efficiency of
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the operation by individually dispatching each truck to the
shovel which will achieve maximum production.

The common problem of both computer techniques is that
the programming and data collection required is long and
expensive, and the program generally requires a large computer
and a long run time. In an endeavour to overcome these
problems researchers have in recent years been examining
the use of available mathematical techniques to model
the system.

The objective of this thesis is to examine and comment
on the technigues currently in use and being developed which
are based on the probability distributions of open pit mining
activities. Each technique is examined in detail, and a com-
puter program developed to allow comparison of the results
and the computer operating time involved. These three tech-
niques are:

A. Monte Carlo simulation

B. Cyclic Queueing theory

C. Finite Queueing theory

Since the programs are highly dependent on the‘input
of accurate distributions and parameters for the mining ac-
tivities, a rather extensive data collection and analysis
program was carried out to determine these parameters. The
results were then used in testing the programs under various
operating conditions. The thesis also examines the probable

increase in production when a mine installs individual
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dispatching of trucks, rather than fixed. truck to. shovel
assignment.

The results of a time study at an operating mine are
used to test the validity of the model. It should be noted
that this is only one mine, and total accuracy of any model

under all possible operating conditions is not inferred.
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Chapter 1

LITERATURE SURVEY

1.1 General Comments

There have been many articles published in recent years
which detail various methods of predicting the productivity
of a truck shovel system. However, few of these articles
provide a detailed description of the theories upon which
the model was developed, make a comparison between the var-
ious methods, or comment on their relative merits. This
thesis was prompted by the need for a detailed analysis and
comparison of recently developed production estimation tech-
niques.

Prior to the extensive availability of computers, equip-
ment selection was generally carried out manually as outlined
in the S.M.E. Mining Engineering Handbook (1), Surface
Mining (2) or the Caterpillar Performance Handbook (3). With
limited computer usage the calculations were refined to in-
corporate matchfactors and cycle variation factors as described
'by Morgan and Petersen (4), or the marginal truck production
technique presented by Hayes (5).

With increased availability of computer facilities,
simulation became accepted as a means of estimating production
and thence fleet requirements for an open pit. There were

two types of simulation developed, deterministic simulation
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(where the exact calculated time for activities.is used)
and stochastic_(Monte Carlo) simulation, (where the proba-
bility that events will occur is used rather than a fixed
event time). Deterministic simulation is in general advo-
cated by the equipment suppliers, and detailed studies of
this method are given by Westinghouse Air and Brake Company
(6), the Caterpillar Tractor Company (7), and in S.M.E.
Mining Engineers Handbook (l1). Monte Carlo simulation has
been adequately described by Desmukh (8), S.M.E. Mining
Engineers Handbook (1), and O'Neil (9).

Unfortunately simulation requires considerable data
collection, and a relatively complicated computer program
which is expensive to prepare and to operate. In an effort
to reduce the computer run time (and the associated expense)
and the amount of input data required, researchers have tried
to model the mining system using the mathematical calcula-
tion techniques of queueing theory. Koenisburg (10,11)
developed the original cyclic queueing theory in
1958. This was extended by Swersey (12), and Gaarslev (13)
presented the initial work on truck-shovel applications in
1969. However it was not until late 1977 that Dr. J. Elbrond
(14,15) presented a technique based on finite gqueueing theory,
that queueing theory could be said to be an acceptable method
of predicting the production and fleet requirements for a
mining Qperation.

Based on the literature cited above it is obvious that
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a comprehensive guide to the merits and shortcomings of

each method is required. Such a publication would be useful
to anyone asked to evaluate or institute a production plan-
ning techniqgue or fleet equipment selection procedure in

an open pit mining operation.

1.2 A Brief Review of the Techniques Used for Calculating

Truck Shovel Productivity

There are three main techniques used to estimate truck
shovel production. These can be further divided into sev-
eral sub-classes, as shown below.

A. Deterministic Methods

(i) Manual Techniques.

(ii) Use of the matchfactor to calculate production

considering mismatch and bunching effects.
(iii) Deterministic computer simulation (discussed
in section 1.2.3).
B. Simulation of events by computer.
(i) Deterministic Simulation (same as A (iii)).
(ii) Stochastic Simulation.

C. Queueing Theory

(i) PFinite single server Queueing Theory - hereafter

referred to as "Finite Queueing Theory".

(ii) Finite, closed, cyclic Queueing Theofy -
hereafter referred to as "Cyclic Queueing
Theory".

These methods are described in the following sections.
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1.2.1 Manual Techniques

The least complex method of estimating the produc-
tivity of an open pit mining operation, or the equipment
required to achieve a given rate of production, is by use
of one of the manual techniques available. These techniques
are generally used where the mine operators have little
access to computers and estimation literature, except for
equipment manufacturers performance charts. The calculations
required for one such method are outlined below.

Initially the number of shovels needed to produce the
required production has to be calculated. The production
of a shovel is dependent upon:

A. Type of Material

B. Overall Job Efficiency

C. Angle of Swing and Height of Bank

D. Dipper Fill Factor
Equipment manufacturers publish correction factors to be
used to compensate for particular conditions in the above
classifications. The maximum production rate (M.P.R.) of a

shovel is calculated by

M.P.R. = rated dipper capacity x fill factor

60 < material weight
cycle time 2000

where M.P.R. units are tons/hr

material weight units are 1lbs/B.C.Y.

rated dipper capacity units are B.C.Y.

and cycle time units are minutes.
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The actual production rate (A.P.R.) is calculated by

A.P.R. = M.P.R. x job efficiency factor x

swing factor x depth factor

where A.P.R. = tons/hr.

Then the number of.shovels required by- the mine is

required production
A.P.R. x availability

Fleet of shovels req'd =

Availability should not be confused with utilization.

Possible hours - Downtime hours
Possible Hours

.The Availability

Minutes worked/Hr.

The Utilization = 60 Mins/HT.

= Minutes worked each hour the
machine is available (in oper-

ation)
The number of shovels working at any particular time
will be given by:
No. of shovels in operation at any time = Fleet of

shovels x availability.

The number of trucks required for each shovel is estim-

ated by first establishing the mean cycle time for the trucks.
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This is achieved by addition of the times taken for each
activity in the cycle (i.e. load, haul, dump, return, spot and
miscellaneous delays). These activity times are found

either from time studies in an existing system, or by cal-
culation from manufacturers' performance charts. An estimate
of the tons each truck transports per hour is then calcul-

ated from the formula

60 (mins/hr )

Cycle time
(mins)

(Typical efficiency factors range from 0.75-0.85).

x eff, factor

Tons/hr/truck = Capacity(tons) x

and the number of trucks required to transport the shovel

production is given by

actual shovel production rate
Tons/hr/truck

Trucks required/shovel

The total number of trucks required is established by summing
the requirements for each shovel. Allowing for some truck
downtime for service and repairs, the fleet size required

will be given by

Total number of trucks required
Availability of trucks

Fleet Size =

It will be noted that this technique does not allow for
.any interaction between the trucks as they are travelling
along the haulroads, nor in the vicinity of the shovel. 1In
general it will produce an optimistic production estimate

for a given mine layout.

i HUR LAKES LIBRARY
ﬁ2{ORADOSCHOOLOFhMNES

" ARTHUR LAKES LIBRARY
égLORADO SCHOOQL OF MINES

GOLDEN, 00O 8046’
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1.2.2 Use of the Matchfactor in Estimating Truck-Shovel
Production
The matchfactor is a dimensionless term used to cal-
culate the number of trucks which will match the shovel
productivity as closely as possible. The matchfactor (M.F)

is defined as

(Number of Haulers)x(Loader Cycle Time)

M.E = (Number of Loaders) x(Hauler Cycle Time)

where the loader cycle time is the number of minutes
which elapse between the time the truck backs under the
shovel wuntil the time it leaves the shovel, and the hauler
cycle time is the number of minutes which elapse between
the time £he hauler begins to be loaded, and the time it
returns to the waiting area ahead of the shovel. Neither
time includes waiting time in the loading area. Activity
times are again calculated from time study data or perfor-
mance charts.

The value of the matchfactor lies in the fact that when
the matchfactor equals unity, the number of trucks and
shoveis will theoretically be perfectly matched, as shown
in Figure 1.1. This diagram is for 1 shovel with an A.P.R.
of 1840 tph, which loads trucks that operate in a circuit
such that the production rate per truck per hour is 230 tph.

If the trucks and shovel are not perfectly‘matched

"there will be inefficient use of either the loader (if
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Figure 1.1. Potential Production Rate of a Mining System
(After Morgan and Peterson (4) ).

M.F«1.0) or the haulage units (if M.F 31.0). The ineffic-
iencies caused by mismatch (when using constant activity
times) are represented by the dashed lines in Figure 1.2.
It is also recognized that in practice, activity times
in an open pit mine are not constant, but will wvary
about a nominal average time for the particular activity.
This variation will introduce additional inefficiency to
the mining system. Morgan and Peterson (4) have developed
a method of predicting the degree of inefficiency experienced
in a mining operation due to mismatch and bunching. They
state that different fleets of trucks, operating under dif-
ferent conditions, but having the same matchfactor, will
have the same loss of efficiency due to bunching, provided

the coefficient of variation in cycle times is the same.
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The effect of bunching on the efficiency of the system, is
shown in Figure 1.2. Notice it is a function of the match-
factor, and is a maximum when the matchfactor is 1.0, because
any variation in the cycle time at the point of perfect match
has the greatest upsetting effect on the system. In contrast
at a matchfactor of 1.6, it is probable that the trucks

will have to'wait to be loaded, and the fact that the arrival
rate is irregular will have little, if any, effect on the

system performance.
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Figure 1.2. Effect of Mismatching and Bunching on Production
(After Morgan and Peterson (4)).

If the effécts illustrated in Figure 1.2 are superim-

posed on Figure 1.1, a deterioration in the production rate
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for a fixed number of trucks is observed as shown in Figure
1.3. The effects of mismatch and bﬁnching are now quite
obvious. If we consider 9 trucks in the system, the loss of
production due to mismatch is 230 tons (2070-1840), while

the loss due to bunching is 90 tons (1840-1750).
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Figure 1.3. Production Rate v No of Trucks
(After Morgan and Peterson (4)).

The loss of efficiency due to bunching can be established
from a relationship between the productive efficiency and
cycle time variation, developed from extensive testing by
Douglas (16). Douglas uses the coefficient of variation, (C.0.V.)
to establish the deterioration in efficiency due to bunching
at amatchfactor of 1.0 (see Figure 1.4). The reason for this
is that as the C.0.V. value rises, the interaction of truck

and shovel activity times becomes greater, hence more bunching
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Figure 1.4. Perfect Match v.s. Cycle Variation (After
Douglas (16)).

occurs, and the efficiency of the operation decreases. The
principal objection to a deterministic approach is that it
does not consider the variability of each operation, and

therefore will probably produce a conservative result.

1.2.3. Simulation Methods

Simulations can be classed as either:

A. Deterministié Computer simulation

B. Stochastic (Monte Carlo) simulation

Deterministic simulation carried out on computers
is eséentially a refinement of the deterministic calculations
discussed in the previous sections. Due to the ability of
the computer to perform thousands of operations per second,

such things as acceleration and braking can be taken into
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account, but these factors are obtained from totally de-
terministic charts. Deterministic simulation uses constant
values for the various input parameters and primariiy eval-
uates the interaction of various sizes of trucks, or trucks
with different engines, on common haul roads. The effects

of different sizes of loading units can also be evaluated.

It is recommended by equipment producers as the most accurate
method of determining equipment requirements. Both Cater-
pillar (7) and WABCO (6) base their programs on event-
oriented simulation, and calculate haultimes based on road
profile and rimpull curve versus speed performance charts

for the vehicle. However in attaining this accuracy a huge
gquantity of data is required. A listing of data to be sup-
plied by the user to a deterministic simulator is detailed

in Table 1.1 to illustrate the extent of requirements. The
program then simulates the thousands of events which take
place in the mine throughout a given time period. The results
are claimed to be within a few percent of production actually
achieved in subsequent mining.

The chief disadvantage of pure deterministic simulation
is that it is not a real "model" of the operating property,
because it does not include the variability in performance
that is inherent in large mechanical equipment. Another
major disadvantage is the accuracy and detail of the input
data required to make use of the detail built into the simu-

lator. This results in high data collection and running
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Shovel - Spot time
Is double spotting allowed?
Load times
Type of material
Clean up time

Trucks - Empty vehicle weight
(actual scale weighings)
Mechanical efficiency
Electrical efficiency
Shovel assignments
Payload capacity (actual loads
carried)

Dumps and Crushers ~ No of dump positions
Turn and dump times

Haul Profile - Segment Descriptions
Segment linkage details
Speed Limits
Pass and No Pass Zones
Rolling Resistance

Miscellaneous - Truck and Shovel Breakdown
Patterns
Shovel moves
Slow moving vehicles (eg. graders)
Intersection Requirements
Refueling Requirements
Crusher Availability

TABLE 1.1

Deterministic Simulation Program Inputs
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costs for such a program.

Stochastic simulation includes the variability of equip-
ment performance in each calculation, by having the computer
randomly select an activity time (such as the loading or
hauling time), thus building a totally individual sequence
of activity times each time the cycle occurs. This allows the
effect of equipment interference and mismatch to be taken
into account. Program SIM.FOR (developed in Chapter 2) is
a stochastic simulator, and the accuracy, merits and dis-

advantages of the program will be discussed in later chapters.

1.2.4 Queueing Theory
There have been many articles (12,13,14) published on

the use of queueing theory to model truck-shovel systems.
In the majority of articles only the equations are developed,
no case studies are provided, and few authors have detailed
the restrictions which apply to the models developed when
used in a practical situation. This thesis examines two
queueing theory models:

A. A Finite (single server) Queueing Model

B. A Cyclic Queueing Model

The development of simple finite queueing theory is
presented in a paper by Gaarslev (13). This author uses
link node models which are applicable to trucks and shovels,

conveyors and silos, and many other engineering applications.
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Gaarslev develops a series of finite queueing theory models
(QUEMOD models) and stochastic simulators (SIMMOD models)
(each set of increasing complexity), and compares the results
from each set. He points out that though one might expect
the fluctuations about the mean to cancel out, in actual
fact they influence the system performance cumulatively,
making it apparent why deterministic calculations generally
overstate production. Much of the paper is based on pre-
vious work carried out at Stanford University by Douglas and
Teicholz (16,17,18).

The simulation models de&eloped by Gaarslev are based
on travel times which are selected on a random basis from
log normally distributed histograms, while service times
are selected from erlang-K distributions. The erlang-K
distributions are able to be varied from exponential through
log normal to normal by varying the K value. The main dis-
advantage of the SIMMOD models is the inflexibility of the
data histograms. A change in truck or shovel type requires
the input of revised histograms. However the author through
repeated calculations has covered many alternatives.

Gaarslev's gueueing models illustrate-the basic problem that
exists when modelling cyc¢lic operations by the finite queueing
method. This is that only one section of the complete mining
operation can be analysed in any one calculation making re-
iteration of the calculations necessary to obtain a solution.
The problem is apparent in Figure 1.5. Elbrond (15) has

attempted to overcome this problem by repeated iterations
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érom alternate positions in the mining system, and this
approach will be examined in detail in Chapter 4. In Gaar-
slev's most advanced queueing model (QUEMOD 3), he considers
the three server system illustrated in Figure 1.5, with
poisson arrival distributions and erlang-K service distribu-
tions. Gaarslev has made use of Teicholz's conclusions (17)
in selecting the distributions for arrival and service
times. Teicholz found that link-node systems could be sat-
isfactorily duplicated in theory by using an exponential
inter arrival time distribution (poisson arrival distribu-
tions) with an erlang-K service time. He made several
important points relative to queueing theory.

A. It is not effective when the number of trucks is
so low that no bunching occurs.

B. Any arrival pattern that is not poisson is so
mathematically difficult to incorporate in a
queueing theory model that this assumption seems
not only realistic, but essential. (This point
is discussed further in Chapters 3 and 4).

.C. The service time cannot truly be exponentially
distributed, because obviously the highest prob-
ability for load time does not equal zero. The
assumption of exponentially distributed activities
leads to underestimation of production by up to
10%, because of the long tail on the distribution.

(This point is discussed further in Chapter 4).
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Service time generally speaking is log-normal.
The advantage gained by using an erlang-K dis-
tribution to describe service times is that
modification of the K value creates a family of

different distributions. For example:

1. K=1 gives an exponential distribution.
2. K = 5 gives a log-normal distribution.
;3. K = 20 gives a normal distribution.

(see Figure 1.6)

The difficulty in calculating the erlang-K distrib-
ution is overcome by using the convention that an eriang—K
distribution with parameter K and mean A\, can be expressed
as the sum of K'exponential distributions, each with mean
u/K.' and thus the calculation becomes a multiple exponen-
tiai.

The QUEMOD programs only produce estimates of the
shovel proauctivity (which is also the system productivity).
The behaviour of the rest of the system is represented by the
arrival distribution, thﬁs no information is obtained as '
to the utilization bf'the‘trucks, waiting time at the crusher,
or any other activity outside the shovel system.

Dr. J. Elbrond (14,15) has presented a technique for
analysing the total system, by repeated;reiterration of the
open ended-machine-service (finite queueing) model. Chapter

4 of this thesis is devoted to an analysis of this technique.

The cyclic queueing approach has been developed by
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swersey (12) from the earlier works on cyclic queues by
Koenigsburg (10,11). Swersey's shuttle—-car model is es-
sentially a shovel truck model, in that it has K-~1 service
centres (the shovels), which service shuttle cars which are
then dispatched to a central service centre (the crusher).
After service they ére assigned back to the K-1 centres by
some random device, or by fixed assignment. This model. is
more complicated mathematically than the Elbrond or Gaarslev
models, however it does stimulate confidence in that it
emulates the cyclic motion of a truck-shovel system. It-is possible
to observe later that both methods yield similar results
(see Chapter 6). Swersey does not attempt to use the equa-
tions he has developed, nor does he consider the mathematical
implications when these equations are used to predict the
operation of large systems. This thesis uses almost iden-
tical equations to Swersey's to develop a queueing theory
model which estimates truck shovel produc%iég, and then
details the problems involved in using it (see Chapter 3.4).

Since this thesis is primarily directed at the estima-
tion of truck shovel production by probability techniques
the following three chapters are devoted to the theoretical
development and detailed explanation of these techniques
and the associated computer programs written by the author:

A. SIM.FOR - a stochastic simulator,

B. QUE.FOR - a model which uses cyclic queueing theory

to estimate production,

C. ELB.FOR - a model based on the reiterative finite

queueing technique developed by Elbrond (14).
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Chapter 2

STOCHASTIC SIMULATION

2.1 General Comments

Stochastic simulation permits excellent prediction of
the performance of mechanical equipment, because with this
technique the variation which actually occurs in each ac-
tivity time for the hauling and loading units is considered.
Usually it is this variation in activity times that accounts
for most of the equipment interference, which is neglected
by deterministic methods.

In this chapter a stochastic simulation computer program
(SIM.FOR) is presented. Program SIM.FOR is an event orien-
tated stochastic simulation program which uses a random
variate generator (described in section 2.3), to develop
activity times from known distribution types and parameters
for the particular activities being simulated. This program
was developed with the following objectives:

A. To minimize the amount of input data required.

B. To reduce the computer time required to obtain

accurate results.

C. To be easily adaptable to a variety of mining

situations, and to have the ability to generate
a variety of distributions within the program.
This author feels these objectives have been success-

fully achieved in program SIM.FOR, with the possible exception
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of "B". The program can be used to evaluate which trucks
and shovels will perform most effectively in a given system,
what is the best assignment of trucks to shovels, and to
examine the effect of physical changes in the haulage lay-

out on productivity.

2.2 Development of Program SIM.FOR

Program SIM.FOR is an event orientated stochastic
simulation program, which uses a random variate generator
to produce activity times which are rapdomly distributed
around the nominal activity time.

The basic system analysed by program SIM.FOR is illus-
trated in Figure 2.1. It consists of one crusher (a second
crusher could be incorporated by inserting a decision sequence
similar to that which selects at which shovel the trucks will
be served), and as many trucks and shovels of as many dif-
ferent types as desired.

The simulation can be started with all the trucks
bunched at the staging area, or scheduled to leave the
staging area at regular intervals. A third alternative
which is available, is to begin the simulation with the
trucks situated at the start of either the haul or return
activity, and scheduled to leave that staging position with
the same time intervals between each unit as there were at
the close of the previous simulation.

The number of trucks of each type is dependent on the
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objective of the simulation. If SIM.FOR is being used for
production planning on a particular day, and there are 20
trucks of a fleet of 32 availabie, then 20 trucks
should be the input quantity. However, if the program is

being used to estimate the production for a revised mine

haulage layout, and the mine averages 75 percent
availability, then 24 trucks should be the input
quantity. "Passing" on the haulroads from the junction to

the crusher and from the crusher to the dispatching point is
permitted; however, once a truck has entered the haulroad

to any particular shovel, passing is restricted until the
truck enters the junction to crusher segment. This author
felt this was justified because,while the major haulroads in
many mines are dual carriageway, the minor haulroads leading
to individuai shovels are generally temporary accessways and
travel on them is restricted. If "no passing" is required
throughout the mine, this can be achieved by setting the
values for the crusher to dispatching point equal to zero
and dispatching the truck directly from the crusher.

Truck service at the junction, crusher, dispatching
point, and each of the shovels is on a first come, first
served basis. The.program_allows trucks to be assigned to
a particular shovel, or to be sent to the shovel which will
be finished serving earliest after the truck has arrived
at the shovel ( his is referred to as optimum assignment,

or individual dispatdhing of tfuéks, throughout the thesis).
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This author believes that most mines are presently using the
initial method, but recently severalvhave introduced optimum
assignment. The question of what percentage increase in
production is achieved by optimum assignment is addressed

in Chapter 5, section 6.

When a truck approaches the shovel it may move directly
to the shovel, in which case the time that the shovel has
been idle is recorded, or if the shovel is already busy
loading another truck, the truck will either form a queue
or join an existing queue, and the time which the truck
spends in the queue is recorded. A similar recording sequence
occurs when the truck approaches the crusher. The queue times
for trucks, shovels and the crusher are summed throughout
the shift, and are included as part of the shift summary,
thus allowing the operator to calculate the utilization for
each unit throughout the shift.

The length of the simulation is a function of the
availability of equipment. If an operator wishes to simulate
an eight hour shift, he must calculate the shift length
times the mean availability of equipment and input this
value as the shift length. This author recommends that the
calculations for the shift production estimate be broken in
two segments (before meal and after meal), but this is quite
dependent on operating procedures at the particular mine.

As the trucks are serviced at the crusher and shovel, a

time check is carried out to“ascertain whether the truck has
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been operating for a full shift. If so the truck is "parked"
in a staging area without ever having begun the next ac-
tivity, and its position and the time it arrived recorded
for possible use next time the system is simulated.

When all the trucks have completed the shift the com-
puter prepares a summary of the simulation including the
time each truck spent in queues at the shovels and the
crusher, the number of trucks each shovel served and the time
it was idle, the total number of tons delivered to the crusher
and the number of trucks which were served at the crusher.
The information describing the mining operation and the
shift summary are then printed into a file, which can then
be directed to either a line printer or a deck writer.

Figure 2.2 is a flow chart which describes the sequence
‘of computations in SIM.FOR. Further description of the pro-

gram and a printout are contained in Appendix A.

2.3 Description of the Technique Used to Generate Random

Activity Times for SIM.FOR

Perhaps the most important section of program SIM.FOR
is the random variate generator, subroutine DIST 2, which
generates the individual acfivity times for each unit, each
time the unit pérforms the activity. Thus it is appropriate
that this section be devoted to describing the theory behind
the generation of a random variate,

In considering the stochastic process, define F(x) as
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the cumulative distribution of X, which denotes the probab-
ility that a random variable X takes on a value of x or

less. If the random variate is discrete, x takes on integer
values and F(x) is a step function. If F(x) is continuous
over the domain of x, it is possible to differentiate this
function and define_f(x) = d(F(x))/dx. The derivative, f(x),
is called a probability density function. Then the cumula-

tive distribution function can be stated mathematically as
X
F(x) = P (X £ x) =Lf(t)dt.

where F(x) is defined over the range 0 € F(x) £ 1 and f (x)
represents the value of the probability density function of
the random variable X when X = t.

It is also necessary to define a uniformly distributed
random variate where 0 € r € 1 and F(r).= r .

If it is required to generate random variates xi's from
some particular statistical population whose density function
is given by f(x), first obtain the cumulative distribution
function F(x) (see Figure 2.3). Since F(x) is uniformly dis-
tributed over the range 0 to 1, we can generate uniformly
distributed random numbers and set F(x) = I .

Thus x is uniquely determined by r = F(x). It follows
that for any particular value of r, say r, , it is possible
to find the value of x, in this case Xy by the inverse

function of F, if it is known. That 1is,
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F(X) 0-5 T

Figure 2.3. Generation of a Random Variate from a
Cumulative Distribution Function.

where F_l (tb).is the inverse transformation of r on
the unit interval into the domain of x. This can be summar-
ized mathematically by saying that if we generate uniform
random numbers corresponding to a given F (x)

X
r=F(x) = // f(t)dt
. -
then

P(X< x) = F(x) = P(F£F(x)) = P(F (r)  x)

and conseqguently F-l(r) is a variable that has f(x) as its
probability density function. This is the equivalent of
solving the equation

i X
Fo= F(x) =f £(t)at
-0

for x in terms of r .
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For example: Generate random variates x with density function

f(x) = 2x for 0
X
= F(x) i/f 2t dt 0 €« x £1
A _

2 %2

iN
]

IN
.

then the inverse transformation F-l(r) is obtained by solving

this equation for x.
i.e. x =[x 0£r 1

Thus, values of x with a density function f(x) = 2x can be

generated by taking the square root of random numbers r .

Now ~consider the generation of random variates for
the distributions which are to be used in the stochastic
simulation of an open pit mine, namely:
A. Exponential (required for SIM.FOR/QUE.FOR comparison),
B. Normal (required fof truck travel times),
C. Loé normal (required for service times at the shdvels

and crusher).

A. Exponential Distribution

A random variable X is said to have an exponential

distribution if its density function is defined as

f(x) = X exp(-Kx)
where exp denotes base 'e' to the power enclosed in

brackets, and the_cumuiative distribution function of X is
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X :
F(x) =] L expl-cx)dt = 1 - exp(-«<x) .
o

Because of the symmetry of the uniform distribution, F(x)

and 1 - F(x) are interchangeable. Therefore:

r = exp{(—«x)
lIn r = -xx
x = -(1/g)Inr .

Where 1n denotes the natural logarithm or "log to the
base e". Thus for each value of the random number r , a
unique value of x is known. Referring once more to the ex-

ponential density function,

f(x) = Kexp(-Kx)

the mean value of this function is MX

@
MX [ XK exp(-<x)dx

o

and therefore the mean value of the exponential distribution

replaces the (l/¢) in the random variate generator.

B. Normal Distribution

A random variable X is said to have a normal dis-

‘tribution if its density function is defined by

X=d 2
f(x) = S — exp [-%[ x] } -—m 4 x oo

Ox J 27 UX

and O; is positive.  If the parameters of the distribution

have the values wu, = 0 and 0& = 1 it is known as a standard
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normal distribution with density function denoted by

2
f(z) = 1 exp (-%27) - £ 2z £ o

[2w

Any normal distribution can be converted to the standard

form by the substitution

Because the cumulative distribution function F(x) or F(z)
does not exist in explicit form, the inverse transform method
cannot be used to generate the random variate. Instead an
interpretation of the Central Limit Theorem is used. This
method is described by Naylor (19), and results in the fol-

lowing equation for the random variate:

‘where K is the number of uniformly distributed random
variates Tyr Ty «oe Iy included in the‘summation. K should
be = 10, depending on the accuracy required. (Therefore,

K = 12 is a good choice since it simplifies the equation.)

C. Log Normal Distribution

If the logarithm of a random variable has a normal
distribution, the random variable X is said to have a log

normal distribution, and the distribution function of the
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random variable Y = logX(where X >0) is given by

£ly) = ——n exp ||~ Y_uz ’ -0 <4 y <4 o
Uy,/?.'ﬂ [ ][ Oy ]

The expected value and variance of the random variable X

MX = exp th +_gif_]
2
VX = [exp(zuy + 0&2)] [exp(dyz) —l} .

Simulation of the log normal variates is achieved by ex-
pressing “y and 0&2 in terms of the mean and variance of X,

then expressing the standard normal variate 'z as

g = In x - uy

Yy

1 = +
or n x uy Uyz

iving X = M+
g 19 exp ( v 0'yz)

where z can be calculated by interpretation of the cen-
tral limit theorem (19), and substituting the value of 2

gives
=%
- | K E - K
X = exp uy + 0& [12] G. 5

where x is the log normal random variate.
In SIM.FOR the uniform random variates ri, are generated

from a preprogrammed library function RAN. Since a seed is
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required for this function the number of seconds and tenths
of a second (as a fraction of a full minute), is obtained
from the computer's internal timekeeping mechanism (at the
precise moment the function is called) and this is used as
the seed for the random number generator. Stored in array
P(E,F) are the distribution type and the distribution para-
meters (mean and variance, etc.) for each activity. The
computer uses these inputs to generate the applicable exponen-
tial, normal or log normal variate, in the particular cases
studied in this thesis.

Also available in program SIM.FOR are random variate
generators for

A. A deterministic (constant) wvariate

B. Two and three parameter Weibul random variates

C. A two parameter exponential random variate

D. An erlang-K random variate
This aliows the introduction of the majority of the frequently

used distributions should they be desired.

2.4 Discussion of Program SIM.FOR

Program SIM.FOR is an extremely flexible program in
that it can accept any combination of trucks and shovels,
can generate the majority of the commonly used probability
distributions within the program, has the capacity to vary
the mode of bperation of the mining system from fixed truck

to shovel assignment to optimal assignment, and can initiate
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the simulation with trucks either starting from one single
point, or from the positions within the system at which they
were "parked" at the conclusion of the p:eceding simulation.
Some readers will disagree with the decision not to in-
clude allowances for regular and unscheduled maintenance
of the trucks, shovels and crusher. This author felt that
most operations would find it more acceptable to adjust
the available operating time to include these factors, than
to spend the time gathering the data to develop distributions
for these occurrences (or to guess).
The main objectives in developing SIM.FOR were to keep
data collection to a minimum, while providing an acceptably

accurate estimate.
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Chapter 3

CYCLIC QUEUEING

3.1 General Comments

Apart from the development of Cyclic Queueihg equations
by Koenisberg (10,11), Swersey (12) and Posner (20), all
previous attempts at modelling a mining system by gueueing
theory have based the model on finite queueing theory. The
most advanced model, the finite queueing method as presented
by Elbrond (15) and outlined in Chapter 4, is essentially reit-
eration of an approximation method until the approximated
solution approaches a steady value. It does not consider
the complete system at any time during its execution. This
author felt that the mining operation might be better eval-
uated by a method that considered the system as a complete
identity, and solved it as such - nameiy cyclic queueing
theory.

Cyclic gueueing theory was developed by Koenisberg (10,11)
in the 1950's and was presented to the mining industry by
Koenisberg at the Mathematical Techniques and Computer
Applications in Mining and Exploration Symposium held at
the University of Arizona in March, 1962. Equations for a
number of situations were presented by Swersey (12), and
Posner (20) presented a mathematical development for a two

segment queueing model which is effectively cyclic gqueueing.
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While cyclic gqueueing is very successful when modelling
small haulage systems with few stages and few customers,
when the system is expanded the number of probability calcu-
lations which have to be made expands exponentially, (as
will be discussed later in this chapter), and computer run
time increases beyond an acceptable time.

‘Program QUE.FOR was written to illustrate the cyclic
gueueing method and its inherent weaknesses; however, before
proceeding to the actual program, the author describes and

develops the theory of gueues and then cyclic queues.

3.2 The Theory and Applications of Queueing Theory

Queueing Theory is applicable to situations where a
flow of customers is arriving at one or more service centres.
On arrival at a service centre the customer may be_serviced
immediately, or may have to wait (provided he is willing
to wait). These sorts of situations occur in many everyday
situations, examples of which are customers waiting to have
their purchases checked out at a supermarket, ietters arriving
at a typist's desk (the letters represent customers and the
typist the server), or a maintenance man who services sev-
eral machines. Such service facilities are difficult to
schedule "optimally" because of the random elements in the
arrival and service patterns. Queueing theory is based on
describing the arrival and service patterns, and then deriving

the operating characteristics by using probability theory.
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The operating characteristics include the time a customer
has to wait in the line before service begins, the percen-
tage of time a server is idle, etc. The availability of
such measures allows analysts to suggest adjustments to

the system parameters, such as service time per customer and
number of servers, so that there is more effective utiliza-
tion of both customers and servers.

A gueueing system is specified completely by six main

characteristics:

A. Input or arrival distributions - determine the
pattern by which the customers arrive at the server
system. Arrivals may also be represented by the
interarrival time, the period between two succes-
sive arrivals.

B. Output or departure distributions - determine the
pattern by which customers leave the server system.
This is often represented by the departure or ser-
vice time. These distributions are generally
determined by sampling from actual situations, or
assumed.

C. Service Channels - may be arranged in parallel, or
series, or a complex combination of both, depending
on the system design.

D. Service Discipline - this dictates the order in
which waiting customers will be served. It may be

first come, first served (FCFS); last come, first
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served (LCFS); random or based on a priority.

E. Maximum number allowed in the system - this may be
finite or infinite depending on the design of the
system. There are many variations on this. For
example, the number of customers allowed to wait
in the queue may be limited, and customers arriving
when the queue is full may be turned away, this is
distinct from "baulking" - when the customer re-
fuses to join the queue because it is too long, or
"reneging” - where a customer leaves because the
waiting time is too long.

F. Calling source or population - is important because
the arrival pattern may well be dependent upon the
source from which the customers are generated. A
finite source exists when an arrival affects the
rate of arrival of potential future customers.

Many Operations Research Textbooks present a development
of - Queueing Theory including Taha (21) and Hillier (22), but
the most comprehensive text available was "Fundamentals of
Queueing Theory" by Gross and Harris (23), and it is from
this text that the development of the queueing theory shovel

truck production estimating model QUE.FOR was derived.

3.3 Development of Program QUE.FOR

3.3.1 Selection of a Queueing Model to Represent an Open
Pit Mining Operation

Due to the restriction on the number of customers in
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the system (equal to the number of trucks), infinite queueing
models do not appear to be appropriate for the mining sit-
uation. This leaves two basic queueing theory models which
can be used to describe a shovel-truck situation.

A. The Finite Single Server Queueing Model (henceforth
referred to as a finite queueing model) - which is
similar to the infinite queueing model with the ex-
ception that the number of customers is limited.
This approach is used by Dr. Jorgen Elbrond (14,15).
Elbrond's model is presented in the following
chapter. It is relatively simple, but there are
many reiterations required to obtain a solution.

B. The Cyclic Queueing Model - where the output from
the last stage of the queue becomes the input to
the first stage of the gqueue, and the customers:
remain within the system at all times.

The principal difference between these models is that
the finite gqueueing model is based on a single (or multiple)
channel server,with a given number of units able to enter
the system for service and leaving the system on completion
of service (see Figure 3.la). On the other hand the cyclic
queue is a particular case of a series queue where the sys-
tem is closed, and the customers leaving the last phase
become the input to the first phase. In order to solve this
model it is necessary to know firstly how many customers are

in the system, and secondly, in which stage of the system



T-2029

44
System Boundaries
- "
| Optonal |
1 Server: A
/7 L ] N
/ _ N
7 N
Caliing 4 N Return to
< Input server OQutput > |
Source N 7 Calling Source.
N 7
[Finitel \\'__—_—l//
\l Optional |
| Server. |
L — — —

(a):

Schematic Diagram of a Finite Queue.

Phase 1

—

N customers

Phase ] Phase
distributed

K amongst K phases. 2

(b) :

Figure 3.1.

L_System .

.....

- ]

Schematic Diagram of a Cyclic Queue.

Schematic Diagrams of a Finite and Cyclic Queue.



T-2029 45

the customers are located. Therefore the solution of a cyc-
lic queue is considerably more complex because the probability
of each possible system state has to be developed  (see Fig-
ure 3.1b).
This thesis considers both approaches. Initially it
was thought cyclic queueing theory might be superior because:
A. The finite source queue approach is disjointed and
difficult to reconcile with the cyclic nature of a
shovel-truck system.
B. The cyclic approach seemed to better approximate
the shovel truck system and on initial examination
the build up of calculations (discussed later in
this chapter) did not seem to be a serious threat
to the feasibility of using this method. The thesis
objective was to determine the least complicated
approach to productive scheduling and the cyclic
queueing theory seemed to comply with this require-
ment.
In retrospect the author feels that these considerations
lead to an incorrect conclusion, and that the finite gqueueing

theory approach is superior (see the discussion in Chapter 6).

3.3.2 Selection of the Six Characteristics of the System.
A. Input Distribution - As Tiecholz's report (17)
stated, an exponential interarrival time distribu-

tion, more commonly known as poisson arrival
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distribution, generally gives a good approximation
of the arrival time distribution, therefore it was
selected for the input distribution. The implica-
tions accepted in selecting the Poisson arrival
distribution are:
- The number of arrivals in intervals of equal
time will not be identical.
- The mean arrival rate will equal X\.
- The arrival of a truck will be independent of
the movement of all other units in the system.
All of the above comply with truck arrivals at the
shovels.

B. Service or Output Distribution - Gaarslev realized
that exponential service time was generally used
because it greatly simplified calculations, but found
that the use of this distribution lead to the under-
estimation of production by up to 10%. He reported
that service time distribution was usually log
normal. The data collected for this thesis indi-
cated either a normal or a log-normal service
distribution (see Chapter 5). It was originally
intended to develop the program with an exponential
service distribution, and at a later date to replace
this with an eflang distribution to allow greater
program flexibility. However as the program devel-

oped the author realized that it did not have potential
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due to excessive calculation build up, and the
exponential service distribution was not replaced.
C. Service Channels - In practice the number of shovels
available in any mine will change as shovels re-
guire unscheduled maintenance, but since this is difficult
to predict, it is assumed there are K shovels,
and M trucks in the system (where K and M are to
be calculated from availability data).
D. Service Discipline - The usual mine practice at
both shovels and the crusher is to service the
trucks on a first come, first served (FCFS) basis.
E. Maximum Number of Customers Allowed in the System -
Since this is a cyclic gqueue the maximum number
allowed will be constant at the number of trucks
employed (i.e., M trucks).
F. Calling source - This is considered finite since the
arrival of a truck at the shovel will necessarily

.alter the probability of other arrivals.

3.3.3 DeVelopment of Equations Used to Describe the System.
The basic equations around which model QUE.FOR was
developed are given in "Fundamentals of Queueing Theory"
(23), section 4.6.. A cyclic queue is effectively a finite
series queue, where instead of fhe customer leaving the last
phase in the queue leaving the system, it becomes the

input to the first phase. Thus the output from phase n is
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the input to phase (n+1), as shown in Figure 3.2, except

that last phase output becomes the input to phase 1.

F phase 1 phase 2 —\

phase k phase 3 |

k phase < phase 4 ‘-)

Figure 3.2. The Basic Cyclic Queue Schematic

To develop the model for the cyclic queueing program
QUE.FOR, consider a small 2 phase cyclic queue with only

two customers, as shown in Figure 3.3.

phase 1 phase 2

. )

Figure 3.3. A 2 Phase Cyclic Queue
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Further, assume that the time for travel between each phase
is negligible and that the mean service rate for each phase
is M, i = 1,2. There are three possible states for this
system:
-1 customer in phase 1, 1 customer in phase 2, denoted (1,1).
- 2 customers in phase 1, 0 customers in phase 2, denoted
(2,0).
- 0 customers in phase 1, 2 customers in phase 2, denoted
(0,2).
If the standard gqueueing theory assumption of only one ac-
tivity being able to occur in a small interval of time (Aat)
is imposed, the configuration (1,1) can be obtained under
the following conditions.
| A. 1If there are two customers in phase 1, and one
finishes service, viz. p(2,0)* ulAt.
B. If there is one customer in each phase and no ser-
vice is completed. viz. Pp(l,1) * (l~U1At)(1'1ﬁ9t)
C. If there are 2 customers in phase 2 and one compietes
service. viz. p(0,2) * uzAt.
"Thus the probability of configuration (1,1) occurring under

steady state conditions (where it is independent of time) is

“H,) + P(0,2)1,

P(1,1) = P(2,0)#ul + P(l,l)’*(l-ul

which can be rearranged to give

0 = -P(1,1) (ul + uz) + ulP(Z,O) + 4, P(0,2)"



T-2029 50

The configuration (2,0) can be obtained under the following
conditions:
A. If the customer configuration is (1,1) and phase 2
‘completes service viz. P(1,1l) * uztﬁt.
B. If the customer configuration is (2,0) and no
service is completed viz. P(2,0) (1—Ul)At
NB. No service can take place in phase 2 because
there are no customers available.
Thus the steady state probability of configuration (2,0) is

given by
P(zlo) = P(lll) uz + P(Z,O) (l-ul)
which can be arranged to give

0 =P(1,1) &, - P(2,0) M

2 1 )

The steady state probability of configuration (0,2) can be

found in a similar manner; it is

0 =P(1,1) 1

Now from the three steady state probability equations just

derived it follows that:

P(2,0) = P(2,0)
p(1,1) =" p(2,0)
My
2
p(0,2) =™ pra,1y =% | P20 .

u
u2 UZ
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To generalize:
let M = number of customers

then -
M (M nl)

1

n
u2 2

P(M,0)

If the system is now expanded to K phases such that there are

ny customers in each phase i = 1,2,3 ... k, such that
K
E: n; = M, with the mean rate of service at each
i=1

phase My - i=1,2,3 ... %k, and P(nl, n, ....nk) denoting the
probability that there are n; units in phase i, we can use

the same analysis technique to find the one stationary equa-

k
O = ‘P(nl, nzoo.nk) Z. “i

i=1

tion.

K
+-E i 1uiP(ni...nj-f»l, nj+l -1, ... nk)

and by iteration:the solution to the steady state equation

is found to be

= P(M,0,0,0..O).

P(nl, n n nk) : =

2" 3 - o
(A more detailed develdpment of this equation is available

in reference 23, section 4.6.) P(M,0,0,0...0) is found by

summing P(nl, . nk) over all possible partitions (nl,...nk)
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(n1’7'°nk) whose elements sum to M. Thus p(M,0,0,0...0) is
the reciprocal of all possible co-efficients of P(M,0,0,0...0)
in the steady state equation, because the sum of all the
probabilities is one. This same methodology can be used to
find the length of the queue and the waiting time at each

phase for the k phases, M customers case, as outlined below.

P(M,0,0,0,..0) = 1
. M—-n
Y[ul 1
— l_ ny Ny
P~ - M :

Where Pj is the number of partitions in which nj # 0. The
fraction of time during which the jth phase is idle (11;5),
is obtained by putting nj equal to zero in P(nl,...nk), then
summing over all partitions of M in which nj = 0. The aver-
age number of customers in the jth phase is given by

L(i) = ) ng P(ny .. ong ..om) .

P. J
J

The expected number of customers in the jth line is given

by

Lg(j) = ‘L;j (ny=1) P(ny .. ny .. n, )

where nj has a value 2 1.

The average time spent in the queue in phase j of the system

is  Wo (3) = L (3) / My
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In the haul\phases trucks do not queue, therefore in
the model it was required that phases which represented
travel times be modified to multiple server phases, with the
number of servers equal to the number of customers. The
modification required to recognize the phases with infinite
server capacity was to replace My with(nigui)for
i = any phase representing travel time, in the steady state
solution equation.

The cyclic gqueueing program, QUE.FOR, was developed
using these equations as a basis. A flowchart is presented
in Figure 3;4, and the program is described in the following

section.

3.3.4 Description of Program QUE.FOR.

Program QUE.FOR has been developed to analyze a mining
system of up to 4 shovels serving a maximum of 28 customers,
which travel around a six phase haul cycle. Each shovel

constitutes a system as shown in Figure 3.2, where

Phase 1 = crusher to dispatcher travel time.
Phase 2 = dispatcher to shovel travel time.

Phase 3 = waiting and loading time at the shovel.
Phase 4 = shovel to junction travel time.

Phase 5 = junction to crusher travel time.

Phase 6 = waiting and dump time at the crusher.

This is exactly analogous to Figure 2.1 with N=4.

The program reads the input data from the line printer
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|
Read in the data.

I

Write out the
input data.

Calculate the mean circuit
times for each system.

:

Are trucks to be
assigned by the
program,

1%

Assign trucks to

shovels based on

the mean circuit
time.

—

54

Frint in truck
assignments
to shovels,

s Il

Calculate the probabilities of
every partition of M trucks in
K phases of each system N.

l

Calculate the probability of
zero, one or a queue in each
segment of system N.

]

Calculate the probable
queueing time of trucks
in the system,

l

Have probabilities for
all the systems in the
mine been calculated.

Iy

Calculate the production
and print output into
file 'QRES.DAT',

|
End

Figure 3.4. QUE.FOR - Flowchart.
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and a file 'QUE.DAT'. Trucks may be assigned to particular
shovels by the operator, or assigned on the basis of maxim-
ized production by the program (see Appendix B).

Each shovel system is then analyzed separately using the
steady state eguation.

: (M-n,)
P(n,,n,,...n) = ‘B1 Hy) 1" p(M,0,0,0,0,0)
172 k
n, n, n n n

4 5 Dg
(nyuy) = By 7 (nyuy) 7 (ngug) “lg

The probabilities for all systems are summated and production
for the shift calculated. A shift summary is written into

file QRES.DAT.

3.3.5 A Numerical Example of Production Estimation Using
Cyclic Queueing Theory.

Consider the mining system shown in Figure 3.5.

Crusher
u1= 1.
Haul Return
u4 =25 u2 =33
Shovel

U\3 =0.5

Figﬁre 3.5. Schematic Haulage Layout
for an Open Pit Circuit.
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Let 1 truck/minute

My

u2 = 0.33 truck/minute
u3 = 0.5 truck/minute
Uh'= 0.25 truck/minute
M = 4 trucks

Initially calculate how many partitions the system can be

divided into

M+ K- 1 7 7.6.5
— | =7 = 3757 = 35 partitions.

To £find P(4,0,0,0) we have to calculate the sum of all pos-
sible partition co-efficients. The partitions and the value
of their coefficients are presented in the second and third
columns of Table 3.1. Combination numbered 19, was calculated

as follows:

ul(M—nl)
P(0,3,0,1) = ; P(M,0,0,0),
n n n
uo2 u_ 3y 4
2 3 4
u (M—nl)
. . _ 1
Coefficient = o a =
w2y 3oy 4
2 2 4

(0.33)3 (0.5)° (0.25)71

= 1 =

The sum of the coefficients of all the possible partitions
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P (Combination)

No. Combination Value of Coeff
1 4,0,0,0 1.0000 0.000736
2 3,1,0,0 3.0000 0.002209
3 2,2,0,0 9.1827 0.006762
4 1,3,0,0 27.8552 0.020513
5 0,4,0,0 84.0336 0.061883
6 3,0,1,0 2.0000 0.001473
7 2,1,1,0 6.0600 0.004463
8 1,2,1,0 18.3655 0.013524
9 0,3,1,0 55.7103 6.041025
10 2,0,2,0 4.0 0.002946
11 1,1,2,0 12.1212 0.008926
12 0,2,2,0 36.7309 0.027049
13 1,0,3,0 8.0000 0.005891
14 0,1,3,0 24.0240 0.017691
15 0,0,4,0 16.000 0.011782
16 3,0,0,1 4.000 0.002946
17 2,1,0,1 12.1212 0.008926
18 1,2,0,1 36.7309 0.027049
19 0,3,0,1 111.4206 0.082050
20 2,0,1,1 8.0000 0.005891
(cont'd)
Table 3.1. Combinations, Coefficients and Probabiiities

for the Numerical Cyclic Queueing Example.
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Table 3.1 (Continued)

No. Combination Value of Coeff P(Combination)
21 1,1,1,1 24,2424 0.017852
22 0,2,1,1 73.4619 0.054098
23 1,0,2,1 16.0000 0.011782
24 0,1,2,1 48.4848 0.035740
25 0,0,3,1 32.0000 0.023565
26 2,0,02 1.600 0.001178
27 1,1,0,2 4.8485 0.003570
28 0,2,0,2 14.6924 0.010820
29 71,0,1,2 3.2000 0.002356
30 0,1,1,2 9.6970 0.007141
31 0,0,2,2 6.4000 0.004713
32 1,0,0,3 64.1026 0.047205
33 0,1,0,3 194.2502 0.143046
34 0,0,1,3 128.2051 0.094411
35 0,0,0,4 256.4103 0.188821
Coefficients = 1357.9520 = 1.000000
P(M,0,0,0) = 1 = 0.000736

1357.9520
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equals 1357.95, the reciprocal of this wvalue is

P(M,0,0,0) = 0.000736
P(0,3,0,1) = 111.4206 x 0.000736
= 0.082050

The probabilities of all the partitions are given in column
4 of table 3.1. |

To find the probability that any phase of the system is
idle, sum the probabilities for which n; = 0, where i = unit
for which the idle probability is required. As an example

consider the shovel (phase 3).

The P (shovel is idle)

I

EZ(probability of partitions
numbered 1-5, 16-19, 26-28,
32-33, and 35)

= 0.607714
Thus the utilization =1 - Po
of shovel

=1 - 0.6077

0.3923 or 39%

The average number of customers in the shovel phase is given

by

I

Ls(3) 2: n3 P(nl .. ni .o nk)
Py

1 %E(probability of partitions numbered
6-9, 20-22, 29~-30 and 34). .
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+ 2 xzzprdbability of partitions numbered
: 10-12, 23-24, and 31)

+ 3 xZ}probability of partitions numbered
13-14 and 25)

+ 4 x (probability of partition number 15)

= 0.613043

and the average number in the shovel gqueue

Lq(3) =2€: (ni -1) P(ni se Dy . nk)
P. for n.2 2
1 1

=1 xZ}probability of partitions numbered

10-12, 23-24 and 31)

+ Q[(probability of partitions numbered
13, 14 and 25)

+ BZ}probability of partition number 15)

0.220760

and the average time spent in the shovel queue will be

Wq(3) Lq(3) / M4

0.220760/0.5 = 0.4415 minutes.

The utilization, average number in service, average length
of the gqueue and average wait time, for the crusher can be
calculated in thg same manner. The average cifcuit time is
then found by summation of the mean service times for each
phase plus the waiting time at the crusher and the shovel,

and production for the shift is given by
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Production (tons) =

Available shift time (mins) x No. of trucks x Capacity (tons)

Average Circuit Time

It will be noticed that in this example two customers
cannot be served (operating) within a haulroad at any instant.
While this is obviously unrealistic, it was felt that to have
introduced the concept of infinite servers to the example
would have destroyed the clarity of the example. In QUE.FOR
the haul phases (2 and 4) are modified to allow as many
servers as there are trucks, so that trucks get insfantaneous
service on entering the haul phase and it‘ié not possible
for a queue to develop. This concept is known as "gqueues

with infinite servers”. It involves changing My for any

phase(i = 2 or 4 in the numerical example)to niuy i=2,4.
Thus the probability steady state solution for the cyclic
queue becomes
ulM'nl
P(nl, Nor o eoey nk) = P(M,0,0,0)

(“2uz)n2“3n3(n4“Jn4

The effect of this modification is to reduce the probability

of trucks being in the haul phase, increase the shovel util-
ization, increase the average length of the gueue and increase

the waiting time.

3.4 Problems in the Practical Application of QUE.FOR

Many problems were experienced in applying this program



T-2029 62

to practical mining situaﬁions. Some were expected:

A. Restrictions based on the nature of the theory
used, such as the fact that all the customers (trucks)
had to be identical. Servers (shovels) were able
to vary since their service rates were expressed
individually.

B. The understating of productive capacity due torusing
exponential service distributions rather than the
more accurate and flexible erlang-K distributions.

C. The obvious error which occurs due to the theory
assuming stationary (steady state) conditions in
the system. This would lead to overstating of
production.

However the most serious problem to be encountered was
not obvious initially (although if it had been expected it
could easily have been quantified). This was the tremendous
build up in calculations required as the number of trucks,
phases and shovels increased.

Consider a program in which there are 4 trucks in 4
systems.

M = number of trucks = 4

K = number of phases/system = 6

N = number of systems = 4

Then the number of partitions of trucks in all systems

=M+ N-1|=[4+4-11=|7
N 4 3

= (9 x8x 7)/(3.2) = 35
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Now each of the systems could have up to the total of all
trucks in it (in theory, but probably not in practice), so
the possible partitions within each of the above systems

(of 35 partitions) is theoretically

M+ K-=-1 4 + 6 - 1

=406 -11_12
K 6 6

(9.8.7)/(3.2) = 84

Therefore the total possible calculations
= 35 x 84 = 2940*

*If one considers that in most cases there would be less than
M trucks in each system, in the second case this result is
reduced; however here the result is being used for comparison
rather than quantitatively.

Four trucks in four systems is ridiculously small, so
now consider 8 trucks in 4.systems. The possible partitions

within all systems are

M+ N-1)_[8+4-1)_[11
N 3 1

(11.10.9.8.)/(4.3.2.) = 330

compared with 35 for the 4 x 4 combination.

The potential number of partitions of 8 trucks within each.

system (of which there are 330) is:
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M+ K-1}_1[|8+6-1}_1{13
K 6 6

(13.12.11.10.9.8)/(6.5.4.3.2) = 1716

compared with 84 for the 4 x 4 combination.

Therefore the total possible number of calculations

330 x 1716 = 566,280

compared with 2940 for the 4x4 combination.

This is without optimum allocation, but it shows the poten-
tial build up with increasing numbers of trucks.

Even 8 trucks in 4 systems is a very low truck to shovel
ratio, which is often as high as 50/4, depending on the
length of the haul and return time.

Now by introducing optimum assignment of the trucks
to shovels (rather than allowing all trucks to be in one
systeﬁ which is unrealistic in a mining situation), the cal-
culations can be cut drastically. This is achieved by:

A. Reducing the calculations for the possible parti—

tions of the trucks in all systems, to the number
of shovels in the system. Thus in the 8 x 4
example rather than 330 partition calculations,
these are reduced to 1 set of calculations for

each shovel, or a total of 4 partition calculations.

B. By assigning the number of trucks in each system
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the possibility of all the trucks being in a single
system at once is eliminated, thus if the é trucks
were divided evenly between the 4 systems, the

number of calculations per system would become

- ~ |2+ 6 -1])_ % = (8.7)/(2.1) = 28

and the total possible number of calculations become
= 4 x 28 = 112

compared with 566,280 in the problem when optimum assignment
was not used.

Even with optimum assignment exponential build-up of
the calculations required as the number of shovels, number
of phases, and number of trucks increases, still occurs. To
illustrate this build-up consider Figure 3.6 which indicates
‘the increased computer time for 2,4,6 and 8 trucks operating
in a six phase circuit.

Another problem which occurred on the 32-bit word
PDP - 10 computer for which this program was written was
digital underflow (when the number of trucks was increased
and probabilities became very small). It was found that a
limit of 8 trucks per shovel eliminated this problem.

Despite all these problems the program will complete
computations for 32 ﬁrucks, 6 phases and 4 shovels (systems)
in approximately 200 seconds. The cyclic queueing method

produces very similar results to the finite gueueing method
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Figure 3.6. Computer Run Time for a Single Phase Cyclic
Queue.

of calculation. As an illustration of this consider the
results produced when 16 trucks are operating over the system
illustrated in Figure 3.7. The production estimated using
cyclic gueue program QUE.FOR is 13966 tons/4 hour shift,
while using the finite queue program ELB.FOR, estimates

14147 tons/4 hour shift.

ARTHUR LAKES LIBRARY

COLORADO SCH
GOLDEN, CO godor " "INES



T-2029

M = 150

//’7 02=15

JUNCTION

U = 530

CRUSHER
U = 60
02=5

M=240

02.12 ‘\\\

g2=25

SHOVEL 1

U = 240
02 =12

DISPATCHER

SHOVEL 2
U = 240
g2 =12

SHOVEL 3
U = 300
02 =15

g2=35

SHOVEL 4
M = 300
g2 =~15

g2=25

Figure 3.7. Activity Times Used in Testing QUE.FOR.
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Chapter 4

THE ELBROND APPROACH

4.1 General Comments

Dr. J. Elbrond of the Ecole Polytechnic in Montreal
presented a paper (15) on the use of gqueueing theory to
predict mining equipment performance, at the Fall Meeting
of the Society of Mining Engineers in St. Louis, Mo., on October
21st, 1977. Since this is the most recent work carried out
in the area of this thesis it is intended to compare the
results from a program based on Elbrond's technique, ELB.FOR,
with the results from the two programs developed in this

thesis, QUE.*OR and SIM.FOR.

The technique is based on the generation of three basic
theoretical solutions by the theory of finite queues, and
then interpolating between the three cases based on the co-
efficient of variation of the haultimes and service times
to establish the true waiting time for a particular set of
parameters. The three basic cases are:

A. The Constant Haultime with Constant Service Time

Case - as has already been discussed (see Chapter
1), the production will be overestimated in this
case because it does not consider interaction and

bunching effects.



T-2029

C.D.F.

0.75 +

050 t

69
Exponentially*Distributed Haultimes and Service
Times - as discussed in Cpapter 1, and further
evident from the results in Chapter 6, this case
tends to underestimate production by up to 10%.
This is because the long tail on the exponential
distribution results in approximately five percent
of the activity times being extremely long, as
illustrated in Figure 4.1. The log normal and nor-
mal distributions, which are generally applicable
to mining activities, do not have the same tendency
to produce such widely scattered results.

|
IEffective range |  20% of the exponential
4 | of the normal | values are 2064

| values is 20.6l! (in this case)

.00 t ', ‘
|

|
: CD.F. for UbL=0=10
|

| - EXPONENIAL
0.25 | \—NORMAL

0.00 ' + 1 + t X

0 1.0 2.0 3.0
mean.

Figure 4.1. Comparison Between the Exponential and Normal

Cumulative Distributions.

* NB. Throughout this chapter the word "exponential”
will be used to denote the negative exponential
distribution, unless specifically denoted "expon-

ential (ex)".
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C. The Exponentially Distributed Haultime with
Constant Service Time Case - Elbrond contends
that this is partially in effect between the two
extremes, cases A and B.

By interpolating between these three cases Elbrond is
able to generate waiting times which, according to him,
closely approximate observed values. The following section
is devoted to a detailed analysis of Elbrond's technique.
It is well to note that the technique does not suffer from
the same exponential build up of calculations that QUE.FOR

experiences (see Chapter 3.4).

4.2 Development of Elbrond's Theory

In order to evaluate the relative merits of the probability
techniques presented, it is necessary to outline the mathe-
matical development and theory behind Elbrond's technique ,
just as has already been carried out for QUE.FOR and SIM.FOR.

To al;ow the reader easy comprehension between this thesis

and reference (15) the same symbols will be used. These are:

TS = average service time

SS = standard deviation of TS

T = average return time

ST = standard deviations of T

O = utilization of the service station when both

TS and T are exponential.
W = waiting time ahead of the service station

for the exp-exp case.
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QA = utilization of the service station when T
is exponentially distributed and TS is con-
stant.

WA = waiting time ahead of the service station
when T is exponentially distributed and TS
is constant.

WB = waiting time ahead of the service station
when both T and TS are constant.

W(SS,ST) = waiting time ahead of the service station
when the return time has the standard de-
viation ST and the service time has the
standard deviation SS.

C = correction factor to give W(SS,ST)

N = number of haul units

A. The Constant Haul Time with Constant Service Time

Case:

This case is represented by the equation

WB = (N x TS) - (T + TS).

If it is negative it is set equal to zero, since the

system obviously cannot have less than zero waiting

time.

The case where the activity times do not have a con-

stant value, but are able to be described according to a

Probability distribution, are more difficult to treat. Let
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Wé be the expected waiting time, given the server is busy
when the customer arrives. Because the probability that
the server is not busy when a customer arrives is excluded,
it is necessary to normalize the equation for the waiting

time in the queue, by dividing by (l—PO) as follows:

N
Wy = ey L, (R

The summation term is the formula for the probable number

in the queue, thus

= —1I5_ x Lq.
Mg =TTy 9 (1)

For a finite single server queue

- - 1 -
Lq = [N (1 +,o) (1 PO)] (2)

Equation 2 is taken directly from Taha (21), section 13}4.7,

and the symbols differ from Elbrond's. However by recognizing

that:
,Q(elbrond) = 1 - PO = utilizatidn of the shovel
and TS - — .
- = K(elbrond) = AQ(in eqn 2 above)

from equations 1 and 2 we'develop the equation

_ _TS _ T
e [n- (e ]

5 [rorf=s]
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which simplifies to

w o= NXTS _ (pg 4+ 7 (3)

q =

Egn. 3 is the basic equation used by Elbrond to develop the
total waiting time for the cases where service time and
travel time distributions are used, by inserting the appro-

priate utilization values.

B. The Exponential Haul Time with Constant Service
Case: 1is outlined by Ashcroft (24). He presents
the derivation from which the server utilization

for the above case is developed in Elbrond's model.

i.e. /0A= l+[NxK[l+(N—l) (ek-l)+
+ (N-1) (N-2) (X - 1) (e2¥ - 1)...
2!
| 47!
+ (N-1)! (¥ - 1) .. (e‘N‘l)k_l)]]
(N-1)!

This utilization factor for the server is used to
develop the waiting time formula,

N x TS

WA = —5a

(T + TS).

C. The Exponential Haul Time with Exponential Service
Time Case is developed from the standard finite
queueing model (often referred to as the Machine

Servicing Model). The equation for the probability
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of zero customers in service is

P = fi E)/§‘ ii N|nto® -t
© n=o \ © + n=R+1 \ | R! Rn.R

given in Taha (21) section 13.4.7, where R = number
of service units.

If we let R = 1 the equation becomes:

FN' o N! 1 N! /02 -t
Po = om0 * 1wt Y armeae 112 1...
Po =1+ No + N(N-1) 0" ..... N’ o ]

It should be noted that /o(Taha) = k (Elbrond).

Now the efficiency of the server

© (Elbrond) = operating time
total time

I

(total time) - (time no customers are
available)
Total Time

= l—PO or (1 - PO)
1

=1 - (1L +NK+ N (N-L)k%+....n! kY 1

which is the equation given in Elbrond's analysis,
and the waiting time is again established from the

basic equation,

W=NxTS - (T + TS).

A
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By interpolation between the three cases the utiliza-
tion of the system can be established. This is accomélished
by means of a "C" factor which is a function of the coeffic-
ients of variation of service time and haultime, and the
expected waiting times in the three cases. By examining
Figure 4.2, the development of this correction factor can

be explained.

RETURN AXIS

0 05 10 g7
°n I BT /T
| I
[ |
| |
| }
%)
2 s b — - Lo ]
| |
w
el { '
= |
a |
1wl - - — -l - - —— D,
Y
SAs

Figure 4.2. A Graphical Presentation of the Interpolation
Parameters.

The apex A represents the constant-constant case where
the service times and haul times have zero standard deviation

(because the coefficients of variation are zero). Because
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the mean and the standard deviation of an exponential dis-
tribution are equal, the pure exponential coefficient of
variation will be equal to 1.0. Thus the point B represents
the combination where service time is constant and haultime
is purely exponential, and point D represents the case where
both service time and haultime are purely exponential.

By performing a series of simulations with various
combinations of service time and haultime distributions,
Elbrond found that once the coefficient of variation on the
ST/T axis exceeded 0.5, the correction factor became totally

dependent on the SS/TS value, hence the correction factor.

_ Ss _ Ss WA
C=75s * A -373) x 7
for ST/T = 0.5.

However when ST/T was below 0.5, the correction factor becames

a combination of all the variables involved.
_ ss _ ss ST . WA
C—TS+[(1 ST)X 2 X’I‘ X W_]+

(NN

As can be seen, setting SS/TSor ST/T equal to zero, some of
the terms from the equation will cancel, and have the effect
of making the C value a function of the values aiong the other
axis.

Full credit must be extended to Dr. Elbrond for what

was obviously very exhaustive experimentation to develop this
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interpolation technique.
The effects of changes in the co-efficient of variation
on the correction factor value for Q= 0.6 are shown in

Figure 4. 3.

1.0 ’_s;z;

05

l

! ) Most

|  Z3 common
| area.
¥

Figure 4.3. The Correction Factor C for O= 0.6
(After Elbrond (15) ).

4.3 Application of Elbrond's Technique

The first step in using this technique is to divide
the production system into several circuits, one for each
server (shovel). Now consider each circuit as a server plus
a return circuit (see Figure 4.4).

Using the sexrvice time and its standard deviation, and
the return time and its standard deviation, calculate the

waiting time at the shovel. 1In this case the return time will
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m =T
/' Dump |

ST

Shovel /
\_’walt _?Vse

time Ssg

Figure 4.4. Basic Circuit for Shovel Wait Calculations.

be equal to the loaded travel time, waiting time ahead of
the dump point, the dumping time, and the empty travel time
back to the server or the queue ahead of the server. This
step is carried out for each circuit.

Having completed the calculation for waiting times at
each shovel, the calculation is reversed so that the dump
point becomes the server and the return time includes the
shovels. In this case the mean and standard deviation of the
return time is found by weighting the individual circuit
means and their standard deviations. 1In this way the first
approximations for the waiting time prior to the dump is
found.

The calculation is then reversed again and the shovels

waiting time readjusted for the newly approximated dump.
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service time. Aftera few iterations the results will con-
verge to deliver the final solution. A flowchart of program
ELB.FOR (which is based on Elbrond's technique) is given in

Figure 4.5.
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Read ihput
information,

Set up the control
variables for the
program,

Coanm

Calculate the circuits
to be analysed for each
shovel.

Calculate the waiting
time at each shovel.

Calculate the circuit
to be analysed for the
crusher.

Calculate the waiting
time at the crusher,

NO re the results within
acceptable limits of

\\\ previous results.

Y
Summarize the results

and calculate a
~production estimate,

Write program output
into file 'RES.DAT!'.

End.

Figure 4.5. ELB.FOR Flowchart.

80



T-2029

81

As an example of the calculations involved in using this

method, consider the production system with 4 circuits shown

in Figure 4.6, with 4 trucks in each circuit.

Figure 4.6.

DUMP
= WD u = 60
T U= o
U = 680
g2=40
SH 1
- L = 240
U = 750 02 =12
02=45
SH 2
N U = 240
L = 825 02'12
02«50
, SH 3
- u = 300
1 = 850 g2=15
0250
SH 4
N 4 = 300
02 =15

A = 600

WS 1

WS 2

02=32

L

U =640
02=32

L

U =690
02=35

WSZBk-é————————’/

U = 740
0 2=37

WS 4

-

A Production System With 4 Circuits.
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The procedure used to obtain a solution is as follows:

1.
2.

10.

11.

12.
13.

Define the circuit to be analyzed.

Calculate the mean and variance of the service time
and the return time for this circuit.

Calculate the standard deviation of the service
time and the return time for this circuit.
Calculate the value K (K = TS/T).

Calculate the waiting time for the constant service
time-constant return time case (WB).

Calculate the utilization of the shovel if service
time is constant and return time is exponentially
distributed (Q).

Calculate the waiting time for the constant service
time exponentially distributed haul time case (WA).
Calculate the utilization of the shovel if service
time and return time are both exponentially distrib-
uted (QA).

Calculate the waiting time for the exponentially
distributed service and return time case (W).
Calculate the correction factor (C).

Multiply the waiting time for the exponential-expo-
nential case (W), by the cofrectionvfactor (C) to
obtain the corrected waiting time (WS (N)).

Repeat steps 1-11 for all shovels.

Carry out steps 1-11 for the crusher. When calcul-

ating the return time to the crusher include the
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waiting time in front of each shovel (before the
truck is served by the shovel).

14. Test, is the waiting time for shovel (N) within an
acceptable error of the value obtained from the
previous iteration. If, yes, then the solution is
complete, carry on with steps 16. If no, carry out
step 15.

15. Repeat steps 1-14. When calculating the waiting
time ahead of the shovels, include the waiting time
at the crusher in the return time.

16. Calculate the average circuit time (A.C.T.).

17. Calculate production.

Thus for the example, first consider the innermost circuit,
the circuit containing shovel 1. This circuit is analyzed by
considering the schematic diagram shown in Figure 4.7.

Using Elbrond's symbols

TS = 240
ss = ¥ 12 = 3.46

T 680 + 60 + 600 = 1340

sT =/32 + 40 + 5 = [77 = 8.77

Now K = 55 = 35+—= = 0.1791 = 0.18.
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Figure 4.7. Schematic Diagram for Analysis of

02=77

‘\\

Shovel 1
M = 240
02 =12

-

Circuit 1.
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For the constant service and return time case:

For

WB

N x TS - (
960 - 1580

negative,

T + TS)

therefore set equal to zero

the exponential return time with constant service time:

Thus WA =

[l + [N.k x:[l + (N—l)(ek—l)>+

0.18 and N

= 4

(N-1;§N—2) ek_1)

(e2¥o1) ¢ -1t (eR-1) ... (e BT DR, ] ]"l‘]'l

(
0.57879.

NxTS )

Con

4 x 240

(55787

100.00

) -

N-1) :

(T + TS)

1580

For the exponential-exponential case,

thus

k

]

0.18 and N

4

[1 - [1+ k o+ N(N-DK2 + .. NKD ];1]'

0.56

N x TS

e

4 x 240

0.56
134.29

(T + TS)

(1340 + 240)
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and the correction factor is calculated as,

ST _
—rl"— - 0.0065.

Because this is less than 0.5

_ ss _ ss ST , WA _ss
C = TS + [(1 Ts) X 2 x T X pq]+ [(1 Ts)_x

(1L -2 =) x =

ST WB
T W .

In this case WB = 0, therefore the 3rd term = 0.

Hence, C = 0.0144 + [0.5856 X 2 x 0.0065 x +20-00 ]

134.29

0.0239

and the corrected waiting time ahead of shovel 1 is
given by WS1 = C x W
WS1 = 0.0232 x 134.29

= 3,21 seconds.
By repeating these calculations for circuits 2,3 and 4 we
obtain:

Ws2 2.8 seconds

WsS3 = 3.35 seconds

WS4 = 3.51 seconds

Now for the crusher wait time we have to calculate:
The average return time, found by weighting of the circuit

times by the number of trucks in each circuit, summing, and
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dividing by the total number of trucks served by the crusher.

Thus Circuit 1 has 4 trucks x 1523.31

6092.8
Circuit 2 has 4 trucks x 1632.80 = 6531.2
Circuit 3 has 4 trucks x 1818.32 = 7273.3
Circuit 4 has 4 trucks x 1893.52 = 7574.1

TOTAL = 27471.4

TOTAL divided by 16 trucks = 1716.96

The variance for the crusher is found by addition of
the variances of the return (empty) travel time, the waiting
and loading time at the shovel, and the haul (loaded) travel
time, each weighted by the proportion of the trucks in the

circuit. Thus,

Variance STZ = P 2 o 2 + P 2 0'22

2 2
1 1. 2 + . P 0'k

and for the example,

sT? = (%)2 (87.21) + (%—)2 (91.80) + (-})2 (103.35)
+ (%)2 (105.51)

= 24.2

ST = 4.92

Therefore the schematic diagram for solution of the crusher

wait time is given in Figure 4.8.
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Figure 4.8.

Nwo

Schematic Diagram for Analysis of Dump
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~

Dump
U= 60
02=5
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Waiting Time.
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Now exactly the same analytic procedure is carried out for

the crusher as for each shovel, thus:

k for crusher = 60 = 0.0349
1717

N for crusher = 16 trucks

and the waiting time at the crusher:

WD = 2.01.

Now the second iteration must be carried out. Again,
consider the innermost circuit as shown in Figure 4.7. For
this iteration WD is not equal to zero (as was the case for

the first iteration), but has a value of 2.01. Thus,

TS = 240

SS 3.46

T

1340 + 2.01 = 1342.01

ST = V[8.772 + 2.01% = 9.00

K = 240 = 0.1787 = 0.18
' 1343.21

which is approximately equal to the previous k value in this

case (but this is not always the case).
For the constant service and return time case,

WB = (N x TS) - (T + TS)
= 960 - 1583.21

negative, therefore set WB equal to zero.
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For the exponential return time with constant service time

case,

k = 0.5787
WA = 4 x 240
(6T§7§7—) - 1583.21
= 96.79.

For the exponential-exponential case,

k = 0.56
W= ,4 x 240
(—BT§€—~ ) - (1343 + 240)
= 131.08.

The correction factor is calculated as,

st _ _2-90  _ 4.0067

because this is less than 0.5

0
]

96.79
0.0144 +[}.9856 X 2 x 0.0067x ngfﬁg']

= 0.0242.

and the corrected waiting time ahead of thé shovel is given

by,

WS1 CxW
= 0.0242 % 131.08

= 3.16 seconds.
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By repeating the calculations for circuits 2, 3, and 4, we

obtain,

WS2 = 2.98 seconds
WS3 = 3.42 seconds
WS4 = 3.52 seconds

and the calculation for the crusher gives

WD = 2.03 seconds.

Therefore, since all the values of waiting time for iteration
2 are within a second of those for iteration 1, no_further

iterations will be necessary.
To calculate the production for the shift the average

circuit time for each shovel circuit is calculated:

Average Circuit Time = Delay at Service Unit + Time
for Service + Return Time
with no Delay at the Crusher

+ Delay at Crusher.
For example for circuit 1:

A.C.T. = 3.16 + 240 + (680 + 60 + 600) + 2.03

= 1585 seconds.
Then the production from each circuit is calculated:

Production =

shift length(seconds) capacity(tons) No of trucks
A.C.T. X x .
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For example for circuit 1 on a 240 minute shift with 120T

trucks:

Prod(l) = 240 x 60 x 120 x 4 = 4360

1585
and in this example total production in a 240 minute shift:
= 15646 tons.

As can be seen this method is tedious and time consuming,
when carried out manually. However when programmed on a com-
puter it reduces to a comparatively_simple repetitive pro-
cedure, as outlined in the flowchart of Figure 4.5, and the
example just completed has been found to run in approximately
one second on a PDP-10 computer. The program seldom takes
longer than two seconds for any solution. A sample print-

out is contained in Appendix C.
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Chapter 5

DATA ANALYSIS

5.1 General Comments

Each of the previous three chapters has discussed rel-
atively complex models for estimating production using the
probability distributions of the activities involved in open
pit mining. It is imperative that if these models are to
produce accurate estimates, the distributions for the activities
modelled must be accurate. This chapter uses data collected
from open pit mines to introduce some of the methods currently
in use to establish the distribution and parameters of a
set of data points sampled from an unknown distribution. Also
examined are several other points which are considered pert-
inent to the use of distributions developed from sample data,
and the random nature of the activity times derived from such
data.

The data used in this study was collected from three
open-pit mining operations. The majority of the analysis
was carried out on one set of data taken from Mine 1 over a
period of one montﬁ during the North American summer.

In most cases (where the amount of data collected was
sufficient), analysis was carried out on 5 classes of trucks:

Class A - 85 ton capacity (16 units)

Class B - 100 ton capacity (23 units)
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Class C - 100 ton capacity (9 units)
Class D - 170 ton capacity (14 units)

Class E - 170 ton capacity (14 units)

Data was collected for each class of truck over the following
haulroad situations:

Haulroad 1 - steep grade (8.4% average grade)

Haulroad.Z - steep grade (7.6% average grade)

with several short, flat sections

Haulroad 3 - medium grade (3.29% average grade)

Since this was a pit operation there were few flat haul-
road sections, and none considered long enough to allow mean-

ingful sample data to be collected with respect to level hauls.

Data was also taken for each class of truck being loaded
by three different class shovels.

Class 1 - 20 cubic yds = 2 units

Class 2 - 15 cubic yds - 3 units

Class 3 - 8 cubic yds - 2 units

Spot and dump times at crushers and waste areas were also
taken. In all, over 4,000 readihgs were processed, with a
minimum of 30 readings for any particular activity.

There were four main objectivés in processing the data,
as follows: |

1. To establish whether the individual activities in the

mine conformed to fixed probability distributions.

2. To establish a relationship between the travel time
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for a truck over a particular haulroad segment in
actual practice versus the travel time calculated
from a truck manufacturers performance curve.

3. To examine whether or not steady state conditions
will occur in a mining system, and if so, what time
interval elapses after the start up of a mining
system before steady state is achieved. This was
quite important in understanding variations be-
tween queueing theory and simulation results because
queueing theory assumes steady state throughout
the shift.

4. To examine the increase in production when trucks
are not permanently assigned to one shovel, but are
assigned as late as possible to the shovel which
will be free of trucks earliest.

5. To determine a procedure for determining how many
times a simulation program must be run before the
mean of the results can be stated to be within a
set error, e, of the true mean, with a stated
degree of confidence.

The investigation of these questions is discussed in the fol-

lowing sections of Chapter 5.

5.2 Investigation of Mining Activities' Probability Distributions.

The objective was to establish which type of distribu-

‘tion (i.e. erlang-k, poisson, npormal) the data from each
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activity conformed to with least error. This was carried -
out for haul, return, spot and dump at the crushers and waste
dumps, and shovel loading activities.
The tests carried out on the data to establish the good-
ness of fit were:
A. Chi Square
B. Cramer Von Mises
C. Kolmogorov - Smirnov
D. Moments Goodhess of Fit test
as described in "Applied Goodness of Fit Testing" by Phillipsd'
(26). Sections of Phillips' text were used in compiling
the computer program TEST.FOR, which was used to carry out
the goodness of fit tests. All results are given in Appendix D.
Further reference material on the particular
tests is given by Kempthorne (27) and Bradley (28). The
results of these tests are contained in Table 5.1(a,b,c,d,e,f)
From the results tabulated in Table 5.1 it can be coﬁ-
cluded:
A. Haultimes are generally normally distributed.
B. Shovel loading times are distributed normally and
log normally, but more often log normally.
C. Truck dump times at the crusher are almost exclusively
log normally distributed, but if the truck dumps
at a waste dump, the dump time is probably normally
distributed, although this last assumption is based

on very few observations.
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TRAVEL TIME DISTRIBUTIONS
HAUL ROAD 1

Truck Class Condition Distribution Mean Variance
A Loaded Normal 3.79 0.26
B Loaded Normal 2.84 0.14
C Loaded Normal 2.98 0.12
D Loaded Normal 3.07 0.15
E Loadeéed Log Normal 2.78 0.10
A Empty No dist* 1.38 0.05
B Empty No dist* 1.29 0.02
C Empty Log-normal 1.29 0.04
D Empty No dist* 1.30 0.03
E Empty No dist* 1.30 0.02

*In each case the distribution was almost a constant value

as witnessed by the low variance.

Loaded travel - up-grade;

TABLE 5.1la

Empty travel - downgrade.

Results from the Distribution of Activity Time Tests.
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TRAVEL TIME DISTRIBUTIONS
HAUL ROAD 2
Truck Class Condition Distribution Mean Variance
A Loaded Normal 10.97 4.18
B Loaded Normal 8.98 0.87
C Loaded Normal 10.03 2.05
D Loaded Normal 10.26 1.84
E Loaded Normal 9.49 0.99
A Empty No dist 4.76 0.35
B Empty Normal 4.57 0.17
C Empty Normal 4.27 0.20
D Empty Normal 4.36 0.25
E Empty Normal 4.59 0.13

Loaded travel - up-grade;

TABLE 5.1b

Empty travel - down-grade

‘Results From the Distribution of Activity Time Tests.
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TRAVEL TIME DISTRIBUTIONS
HAUL ROAD 3
Truck Class Condition Distribution Mean Variance
A Loaded Normal 7.59 0.32
B Loaded Normal 6.20 0.25
C Loaded Normal 6.30 0.12
D Loaded Log Normal 6.23 0.34
E Loaded Normal 6.01 0.20
A Empty Normal 4.48 0.23
B Empty Log Normal 4.38 0.15
C Empty Normal 4.18 0.19
D Empty Normal 4.10 0.15
E Empty Normal 4.02 0.96
Loaded travel - up-grade; Empty travel - down-grade.
TABLE 5.1c

Results from the Distribution of Activity Time Tests.
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SHOVEL LOADING DISTRIBUTIONS
Description Distri- Mean Variance
bution

Shovel Type 3 Truck Class A Normal 3.37 0.19
Shovel Type 3 Truck Class B & C Log Normal 3.73 0.49
Shovel Type 2 Truck Class B & C Log Normal 2.43 0.14
Shovel Type 2 Truck Class D & E¥* No Dist 3.14 0.14
Shovel Type 2 Truck Class B & C* No Dist 1.80 0.19
Shovel Type 2 Truck Class B & C¥* No Dist 2.05 0.35
Shovel Type 2 Truck Class A¥* No Dist 1.79 0.03
Shovel Type 2 Truck Class D & E Normal 2.98 0.19
Shovel Type 2 Truck Class B & C Log Normal 2.17 0.14
Shovel Type 1 Truck Class D & E Log Normal 2.60 0.13
Shovel Type 1 Truck Class D & E Normal 3.22 0.10
Frém Mine 2:

Shovel Type 2 Truck Class B & C Log Normal 2.58 15.97
Shovel Type 2 Truck Class B & C Log Normal 2.30 19.95

*These were carried

below 30,

generally

out where the number of observations was
in the 15-20 bracket.

TABLE 5.1d

Results of the Distribution of Activity Time Tests.
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DUMP TIME (CRUSHER AND WASTE DUMP) DISTRIBUTIONS

Truck Class Distribution Mean Variance
l. Spot and Dump at a Waste Dump
A Normal 1.26 0.08
E Normal 1.22 0.04
2. Spot and Dump at a Crusher
B and C Log Normal 1.08 0.04
B and C Log Normal 1.22 0.05
D and E Log Normal 1.39 0.06
D and E Log Normal 1.34 0.09
TABLE 5.1e
Results of Distribution of Activity Time Tests.
MINE 2. HAUL TIME DISTRIBUTIONS
Truck Class Condition Dist Mean Variance
B and C Loaded Normal 6.32 42.93
B and C Empty Normal 4.93 28.98
B and C Loaded Normal 6.93 110.75
B and C ‘ Empty Normal 5.22 40.93
TABLE 5.1f
Results of Distribution of Activity Time Tests.
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5.3 Investigation of the Relationship Between Actually

Recorded Travel Times and Travel Times Determined from

a Manufacture's Performance Chart

To carry out this investigation the actual travel times
on haulroads 1, 2 and 3 which have already been established,
were compared to travel times calculated from a computer
program CAT.FOR (see Appendix 4). This program used a
rimpull/speed histogram to calculate the theoretical haul-
times. The results from these tests are given in Table 5.2(a,b).

Examination of the results does not reveal any definite
trend. The only conclusions that can be drawn are:

A. On uphill loaded haul road segments the travel time
varied from 10% shorter to 15% longer than that in-
dicated by the CAT.FOR calculations.

B. On the downhill empty haul road segments the travel
time was consistently longer by 30% to 50% than the
CAT.FOR calculations indicated. This is probably
due to either an imposed blanket speed limit or
to the fact that when trucks are empty the ride
deteriorates, and operators tend tordrive them at
a comfortable speed rather than top speed.

Thus based on these results, it would have to be recommended
that any mine carrying out simulation studies establish the
parameters which apply in its own mine (rather than relying
on published data). This is especially applicable when the

simulation is intended for optimized production, and this
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- ACTUAL v THEORETICAL MEAN HAULTIME 103
FOR LOADED UPHILL HAUL SEGMENTS
Time (Mins) Time (Mins)
Actual Theoretical $ Error*
Haulroad 1
Truck Class A 3.79 3.70 + 2.4
B 2.84 2.97 - 4.4
C 2.98 3.30 - 9.7
D 3.07 3.16 - 2.9
E 2.78 3.86 - 9.2
Haulroad 2
Truck Class A 10.97 12.19 - 10.0
B 8.99 9.74 - 7.7
Cc 10.03 10.73 - 6.5
D 10.26 10.33 - 0.6
E 9.49 10.04 - 5.5
Haulroad 3
‘Truck Class A 7.59 6.58 + 15.4
B 6.21 5.39 + 15.2
C 6.30 5.82 + 8.2
D 6.24 ‘5.50 + 13.5
E 6.01 5.36 + 12.1

*The error is the percent by which the data mean either exceeds
(+) or is less than (-) the mean from the Manufacturers' Per-
formance Charts.

TABLE 5.2a

Recorded and Calculated Travel Times
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ACTUAL v THEORETICAL MEAN HAULTIMES

FOR EMPTY, DOWNHILL HAUL SEGMENTS

Time (Mins) Time (Mins)

Actual Theoretical ¢ Error*

Haulroad 1
Truck Class A 1.38 0.89 + 0.55
B 1.29 0.88 + 0.47
c 1.29 0.84 + 0.54
D 1.30 0.86 + 0.51
E 1.30 1.01 + 0.29

Haulroad 2
Truck Class A 4.76 3.01 + 0.58
B 4.57 2.97 '+ 0.54
Cc 4.27 2.81 + 0.52
D 4.36 3.09 + 0.41
E 4.59 3.50 + 0.31

Haulroad 3
Truck Class A 4.48 3.00 + 0.49
B 4.38 2.79 + 0.57
C 4.18 2.88 + 0.45
D 4.10 2.86 + 0.43
E 4.02 2.85 + 0.41

TABLE 5.2b

Recorded and Calculated Travel Times.
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10-15% error in the data could negate the effectiveness of

the whole program.

5.4 Investigation of Steady State Conditions in Mining

Systems

In using finite queue or cyclic gqueue analysis, it is
important to realize that these methods assume that the sys-
tem being modelled is in "steady state" throughout modelling.
What is "steady state"? Gross and Harris (23) state that
steady state is related to the concept of ergodicity which
deals with the problems of determining measures of a stochas-
tic process X(t) from a single realization. This means that
all the measures of the process can be determined or well
approximated from a single realization Xo(t) of the process,
that is, the realization of a process is independent of time.
It should be appreciated that because of the variability and
interruption of each individual activity, the practical mining
system will only approach steady state, and thus no modelling
method will ever give 100% correct results. However it is
also recognized that during the beginning of a shift there
will be far more variability and inefficiency in the system,
than at a later tiﬁe in the shift when the trucks have become
relatively regularly spaced throughout the system.

No references are available which analyze when and if
steady state conditions occur in a mining system. However,

this author feels that if the conditions outlined below were
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fulfilled for several consecutive measurements, then the sys-
tem would be approaéhing steady state, and the earliest time
which fulfilled the conditions would constitute the onset of
steady state. The conditions referred to are:

Condition 1 - the probability distributions remain the

same.

Condition 2 - the mean of several simulations remained

very similar in magnitude.

Condition 3 - the coefficient of variation remained

similar in magnitude.
It would be necessary for each of these conditions to be met
to imply steady state.

This investigation was carried out using program
SIM.FOR with ten simulations run for each of 5 basic time
periods, % hour, 1, 2, 3 and 4 hours. This was done for 4
different mine systems and the results documented and plotted
in Table 5.3 and Figure 5.1. In Table 5.4 the rate of pro-
duction for each of the above time intervals is recorded.

This was calculated as follows:

let s time at the beginning of the interval (hours)

t

time at the end of the interwval (hours)

Rate of Production =
for the Interval
(s-t)

Total Product—}.Total Product—)
ion at t ion at s

t-s

The results show that the mining systems tested become

steady approximately 1 hour after the shift begins. (Of
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Time (Hrs) Mean Prod/Hr Standard Dev Coeff of var
SYSTEM 1:
0.5 10,792 3266 0.30
1.0 13,924 1213 0.09
2.0 14,246 1346 0.09
3.0 13,989 978 0.07
4-0 13,931 602 0.04
SYSTEM 2:
0.05 10,712 954 0.09
1.0 12,321 494 0.04
2.0 12,822 434 0.03
3.0 13,148 382 0.03
4.0 13,373 285 0.02
SYSTEM 3:
0.5 3,360 715 0.21
1.0 4,464 437 0.10
2.0 4,566 277 0.06
3.0 4,710 299 0.06
4.0 4,728 186 0.04
| (Cont'd)
TABLE 5.3

Results of Steady State Experiments
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Time (Hrs)

Mean Prod/Hr

Standard Dev

'Coeff of Var

SYSTEM 4:
0.5 3,912 1024 0.26
1.0 4,824 426 0.09
2.0 5,002 456 0.09
3.0 5,352 150 0.03
4.0 5,550 285 0.05
TABLE 5.3

(Continued)
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Time Period (Hrs) Hourly Output (Tons)

SYSTEM 1. 0.0 - 0.5 10792
0.5 - 1.0 17056
1.0 - 2.0 14568
2.0 - 3.0 13568
3.0 - 4.0 13757

SYSTEM 2. 0.0 - 0.5 10912
0.5 - 1.0 13930
1.0 - 2.0 13323
2.0 - 3.0 13800
3.0 - 4.0 14048

SYSTEM 3. 0.0 - 0.5 3360
0.5 - 1.0 5568
1.0 - 2.0 4668
2.0 - 3.0 4998
3.0 - 4.0 4782

SYSTEM 4. 0.0 - 0.5 3912
0.5 - 1.0 5736
1.0 - 2.0 5180
2.0 - 3.0 6052
3.0 - 4.0 6144
TABLE 5.4

Hourly Rate of Production Figures from Steady State Tests
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course each operation would have to determine this in its own

operational environment.)

5.5 Determination of the Number of Simulations Required when

Using Stochastic Simulators to Produce a Result in which

the Operator can be Confident

Due to the random nature of results from the simulation
program SIM.FOR, it is necessary to establish how many times
it is necessary to run the program, before it can be stated
with a certain degree of confidence, that the mean value of all
the results is within a specified error{(will be less than a

specified amount e), when the sample size is:
2
Z%Q(j
e

where e = error expressed as a fraction

the value of the standard normal distribution

&
Il

leaving an area ofﬁ&%tx:the'right.

A normal distribution is assumed because this will give
‘'a more conservative n value than a log normal - the other
possible distribution. Provided the sample size is large
(X 30) the sample standard deviation can be used to replace O .
Thus if 99% confidence is required that the simulation
solution is within 500 tons of the true production tonnage after

4 hours of production, then

2
o =[2.58 x 602] _ .65

500

where 602 is O of the results of SIM.FOR, system 1. Thus ten
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iterations of the program are required. In this way, the
number of iterations for any degree of confidence can be
established. A comparison of the time required for each

estimation program is given in Table 6.3.

5.6 An Examination of the Increase in Efficiency which

Occurs When a Mine Installs an Optimum Shovel Assign-

ment Device, Rather Than Using Fixed Shovel Assignment.

Many mining companies have in recent years installed
systems for optimizing .the allocation of trucks to shovels,
and have reported increases of production of from 8 to 15%.
These systems range from an inexpensive perspex board with
slides representing trucks used by Cypress-Pima (29), to a
comparatively sophisticated computerized installation with
magnetic sender units mounted on the trucks and a digital
readout mounted over the roadway used by Palobora (S.A) (30)
or Mt. Wright (Canada) (31). However, regardless of the
mechanics involved, the object in each case was the re-routing
of the trucks each time they left the crusher, to the shovel
which could serve them earliest, and so decrease the circuit
time.

Since program SIM.FOR allows both modes of operation it
was used to establish an estimate of the production increase.
To obtain the results tabulated in Table 5.5, program SIM.FOR
was first run for 10 x 4 hour simulations, with the program

set in such a way that each truck on arriving at the dispatcher,
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Production (Tons) Production (Tons) Increase

Fixed Assignment Optimal Assignment as $%$PFA*
SYSTEM 1 18580 19188 + 3.3%
SYSTEM 2 19124 18912 - 1.1%
SYSTEM 3 22200 22308 + 0.5%

In Systems 1,2 and 3 the fixed assignment was calculated to

duplicate the number of trucks assigned under optimal assign-

ment.
SYSTEM 4 28750 30150 + 4.8%
SYSTEM 5 21400 22200 + 3.74%

In System 4 and 5 the fixed assignment resulted in an equal

number of trucks assigned to each shovel.

* 3PFA denotes the increase as a percentage of the production
from a system using fixed truck-shovel addignment.

TABLE 5.5

Comparison of Production Using Fixed Shovel Assignment v.
Optimum Shovel Assignment
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The second case studied is illustrated in Figure 3.2.
The estimated production is for a total of 16, 120 ton
trucks operating in the circuit during a shift of 4 hours

available time. The estimates produced are:

Program Estimated Production (tons)
SIM.FOR (exp-exp) 13744
QUE.FOR (exp—-exp) 13477
ELB.FOR (exp—-exp) 14055
SIM.FOR (normal-log)* 14664
ELB.FOR (corrected) 15646

The third case studied was production from the mine haul-
age layout described in Figure 6.1. The programs were used
to estimate the production of 24, 120 ton capacity trucks
operéting over 4 hours of available time. The estimates

produced were:

Program Estimated Production (tons)
SIM.FOR (exp-exp) 19763 o - -
QUE.FOR (exp-exp) 19598

ELB.FOR (exp-exp) 18612

SIM.FOR (normal-log) 20760

ELB.FOR (corrected) 229676

Examples of the printout from each prograh are shown in -
Table 6.1 (a,b,c,d,e,f,g). These results are discussed in

later sections of this chapter.
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JUNCTION

U =150
S
02=15

CRUSHER
b = 60
02 = 5

=240 *

0212 ‘\\\

SHOVEL 1
U = 240
02 =12

DISPATCHER

SHOVEL 2
U = 240
o2 =12

SHOVEL 3

U = 300
g2=15

0235

SHOVEL 4
U = 300
g%=15

02=25

Figure 5.2.

Mining System No. 2.
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7 19200 46 46 34 32

8 19320 48 46 36 32

9 19800 49 45 34 32

10 18480 49 46 34 32
x = 19188 X = 48.5 45.9 34.6 31.3

S
}:'E = 160.3
S

Then the trucks assigned to shovel 1 for the 10 simulations

using assignment of shovels was:

= 20 x 48.5 = 6.05 or 6 trucks
160.3

A similar calculation was used to ascertain the number of trucks
assigned to the other shovels, and when simulation was carried
out, the mean production was 18580 tons.

The results from further experiments are documented in
Table 5.5. The production figure given is for a simulation
of a continuous shift of 4 hours duration, with variations in
the mine configuration and the number of trucks.

The results generated from SIM.FOR indicate that in the
cases studied there wasvvery little overall increase in pro-
duction, and it is suggested that the production increases
experienced in practice may have been due in part to other
factors,(perhaps the original allocation of trucks before the
optimization programs were implemented was not totally ef-

ficient). In many mines the objective of the dispatching



T-2029 117

arrangement is to maximize the utilization of all shovels,
often by over stocking the system with trucks, and assigning
trucks so that each shovel obtains maximum and approximately
equal utilization (30). When optimized shovel assignment is
used the shovels on the shorter circuits will generally ob-
tain maximum utilization to the detriment of utilization of
shovels on the longer haul circuits. In the examples simu-
lated the fixed assignments were not based on maximized shovel
utilization. In system 1, 2 and 3 assignment was based on
maximized production regardless of shovel utilization, while
in systems 4 and 5 an equal number of trucks was sent to each

shovel.
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Chapter 6

TESTING, RECOMMENDATIONS FOR FURTHER RESEARCH

AND CONCLUSIONS

6.1 General Comments

Having developed all three models and the distributions
for each operation in previous chapters, this chapter is
devoted to comparison of the results from the three programs,
discussion of the merits of each program, and recommendations
for further development of the use of probabilistic techniques
in estimating open pit mine production.

The programs were initially compared using hypothetical
mining systems developed from articles describing open pit
mines. The major objective is to observe any systematic re-
lationship between the estimates from each method. Then the
results from a time study taken from an operating mine are
compared with the results from the programs.

A discussion of the advantages and disadvantages of each
program relative to the others is presented, followed by
recommendations for further work in the field of probabilis-
tic estimation of open pit mine production.

Finally, conclusions based on the total thesis content

are presented.
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6.2 Testing the Programs with Hypothetical Mine_Haulage

Layouts
The first case studied is taken from Morgan (4). This
article presented a single shovel operation with 7 trucks and

travel and service times as outlined below.

Trucks - Fleet of 7 Time (Minutes/Secs)
Loading 1.78/107

Shovel to Junction 0.63/38

Junction to Crusher 6.75/405

Crusher Dump Time 3.31/199

Crusher to Dispatcher 3.44/206
Dispatcher to Shovel 0.74/%4

The article claims a steady state production of 1800
tph for this system, based on deterministic calculations. Es-

timates produced by the programs used in this thesis are:

Program Estimated Production (tons)
SIM.FOR( exp-exp) 1540 (tons per hour)
QUE.FOR (exp-exp) 1547 "

ELB.FOR (exp-exp) 1584 "

SIM.FOR (normal-log)* 1568 "

ELB.FOR (corrected) 1634 "

* Denotes SIM.FOR using normally distributed travel times and

log normally distributed service times.
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The second case studiéd is illustrated in Figure 3.7.
The estimated production is for a total of 16, 120 ton
trucks operating in the circuit during a shift of 4 hours

available time. The estimates produced are:

Program Estimated Production (tons)
SIM.FOR (exp-exp) 13744
QUE.FOR (exp-exp) 13477
ELB.FOR (exp-exp) 14147
SIM.FOR (normal-log)* 14664
ELB.FOR (corrected) 15808

The third case studied was production from the mine haul-
age layout described in Figure 6.1. The programs were used
to estimate the production of 24, 120 ton capacity trucks
operating over 4 hours of available time. The estimates

produced were:

Program Estimated Production (tons)
SIM.FOR (exp-exp) 19763

QUE.FOR (exp-exp) 19598

ELB.FOR (éxp-exp) 19752

SIM.FOR (normal-loqg) 20760

ELB.FOR (corrected) 23240

Examples of the printout from each program are shown in
Table 6.1 (a,b,c,d,e,f,g). These results are discussed in

later sections of this chapter.
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Figure 6.1.
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SHOVEL 4
i = 300
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Hypothetical Mine Layout - No. 3.
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FXXRESULTS FROM TRUCK - SHOVEL SIMULATIONXX

INFUT TO PROGRAM SIM.FOR
SHOVEL DESCRIFTION

THERE ARE 2 SHOVELS OF 15,00 CU YDS CAFACITY.

TIST TYFE 2., FMTR1 = 240, FMTR2 = 49 . FMTR3 = 0
THERE ARE 2 SHOVELS OF 12.00 CU YIS CAFACITY. 7
DIST TYFPE 2. FMTR1 = 300, FMTR2 = 64+ FMTR3 = 0

‘TRUCKS ANI HAULROAD DESCRIFTION.

THERE ARE 24 TRUCKS OF 120.00 TONS CAFACITY.
:THE DISTRIEBUTION TYFE AND THREE FARAMETERS OF EACH SEGMENT ARE 3

JBIST TYFE 9. FMTR1 = 240. PMTR2 = 34. FMTR3 = 0
CDIST TYPE 9. FMTR1 = 200. FMTRZ2 = 25. PMTR3 = 0
~DIST TYPE 9. PMTR1 = 300, FMTR2 = 49 . FMTR3 = 0
~DIST TYFE 9. FMTRLI = 450, FMTR2 = 64. FPMTR3 = 0
SDIST TYPE 9. FPMTR1I =  600. FMTR2 = 81. FMTR3 = 0
SBIST TYPE 9. PMTR1 = 350, FMTR2 = 49 . FMTR3 = 0
"DIST TYFE 9. FMTR1 = 500. FMTR2 = 64. FMTR3 = 0
DIST TYFE 9. FMTR1I = 630, PMTR2 = 81. FMTR3 = 0
CDIST TYFE 9. FMTRL = 870, FMTR2 = 121, FMTR3 0]
DIST TYFE 9. FMTRLI = 300. FMTR2 = 49+ FMTR3 = 0
~DIST TYFE 9. FMTR1 = 60. FMTR2 = = 0

25, FMTR3

Table 6.1 (a). Results from Program SIM.FOR (1 of 3).
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FROM FROGRAM SIM.FOR.

LOST BY TRUCK N AT THE SHOVELS.
LOST 20.357 MINS AT SHOVELS.
LOST 25,22 MINS AT SHOVELS.
LOST 28.70 MINS AT SHOVELS.
LOST 2.47 MINS AT SHOVELS.
LOST 26.653 MINS AT SHOVELS.
LOST 40.30 MINS AT SHOVELS.
LOST 36,358 MINS AT SHOVELS.
LOST 30,63 MINS AT SHOVELS.
LOST 24.27 MINS AT SHOVELS.
10 LOST 27.33 MINS AT SHOVELS.
11 LOST 22.13 MINS AT SHOVELS.
12 LOST 55,80 MINS AT SHOVELS.
13 LOST 17.62 MINS AT SHOVELSG.
14 LOST 27.32 MINS AT SHOVELS.
C 15 LOST ?.50 MINS AT SHOVELS.
16 LOST 46.50 MINS AT SHOVELS.
17 1.08T 31.32 MINS AT SHOVELG.
18 LOST A45.77 MINS AT SHOVELS.
19 LOST 29.18 MINS AT SHOVELS.
K20 LOST  13.48 MINS AT SHOVELS.

C 21 LOST 28.28 MINS AT SHOVELS.
K22 LOST  32.80 MINS AT SHOVELS.
K23 LOST  34.80 MINS AT SHOVELS.
K 24 LOST 15.32 MINS AT SHOVELS.

CONOCADOGR-

LOST BY TRUCK N AT THE CRUSHER.

1 LOST 13.45 MINS AT THE CRUSHER.
2 LOST 8.72 MINS AT THE CRUSHER.
3 L0OST 7.68 MINS AT THE CRUSHER.
4 1.0ST 10.85 MINS AT THE CRUSHER.
_ S LOST 11.72 MINS AT THE CRUSHER.
TRUCK 6 LOST 12,00 MINS AT THE CRUSHER.
TRUCK 7 LOST ?.42 MINS AT THE CRUSHER.
TRUCK 8 LOST 15.18 MINS AT THE CRUSHER.
TRUCK 9 LOST 6.72 MINS AT THE CRUSHER.

TRUCK 10 LOST 10.15% MINS AT THE CRUSHER.,
TRUCK 11 LOST 16.35 MINS AT THE CRUSHER.
TRUCK 12 LOST 2.13 MINS AT THE CRUSHER.
TRUCK 13 LOST ?.87 MINS AT THE CRUSHER.
TRUCK 14 LOST 14.65 MINS AT THE CRUSHER.
TRUCK 15 LOST 13.92 MINS AT THE CRUSHER.
TRUCK 16 LOST 5.50 MINS AT THE CRUSHER.
TRUCK 17 LOST 13.93 MINS AT THE CRUSHER.
TRUCK 18 LOST 6.50 MINS AT THE CRUSHER.
TRUCK 19 LOST .78 MINS AT THE CRUSHER.
TRUCK 20 LOST 22,27 MINS AT THE CRUSHER.
TRUCK 21 LOST 14.70 MINS AT THE CRUSHER.
TRUCK 22 LOST ?.,03 MINS AT THE CRUSHER.
TRUCK 23 LOST 12,10 MINS AT THE CRUSHER.
TRUCK 24 LOST 10,50 MINS AT THE CRUSHER.

Results from Program SIM.FOR (2 or 3).
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THE NUMEBER OF TRUCKS SERVED ANDI THE
~ TIME LOST EY EACH SHOVEL WAS ;- |
SHOVEL. 1 SERVED 5% TRUCKSs AND WAS IDLE FOR 20.47 MINS.
SHOVEL 2 SERVED 55 TRUCKSs AND WAS IDLE FOR 44.22 MINS.
SHOVEL 3 SERVED 40 TRUCKSs AND WAS IDLE FOR &3.80 MINS.
SHOVEL. 4 SERVED 29 TRUCKSy AND WAS IDLE FOR 115.67 MINS.
TOTAL TRUCK DOWNTIME IN MINS = 1139.87
TOTAL CRUSHER DOWNTIME IN MINS = 141,65
TOTAL SHOVEL DOWNTIME IN MINUTES = 244,15
TOTAL TIME IN THE SHIFT IN MINS = 240,00
FRODUCTION FOR THE SHIFT = 20520.00 TONS

FRODUCED RY 171 TRUCKS

TABLE 6.1c

Results from Program SIM.FOR (3 of 3).
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X¥kXCYCLIC QUEUES WITH EXFONENTIAL SERVICEXXX

THE VALUES OF THE INFUT VARIAELES ARE?
THE NUMRER OF SYSTEMS = 4

THE NUMEBER OF SEGMENTS FER SYSTEM = 6
THE NUMEBER OF TRUCKS (TOTAL) = 24

THE FMU VALUES FOR THE SEGMENTS ARE ¢

1 0.25 0.30 0.25 0.17 0.20
2 0.25 0.20 0.25 0.12 0.20
3 0.25 0.13 0.20 0.10 0.20
4 0.25 0.10 0.20 0.07 0.15
THE FMU VALUE FOR THE CRUSHER IS - 1.00

SHIFT TIME IN MINUTES IS 240.00
TRUCK CAFACITY = 120.00 TONS.,

TOTAL FRODUCTION DURING A SHIFT OF 240,00 MINUTES

IS = 163.32 TIMES THE TRUCK CAFACITY OF 120.00
FOR A TOTAL OF 19598.64 TONS
TABLE 6.1d

Results from Program QUE.FOR (1 of 2).
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NUMEER

OF SHOVELS
NUMEBER 0OF FHASES
NUMEBER OF TRUCKS
CAFACITY OF THE TRUCKS
OFERATING HOURS IN THE

X%k

I Hn

RESULTS OF ELBRONDS METHOD

4
)

24

4,00

THE VALUES OF THE MEANS AND VARIANCES

SYSTEM NQ =
HAULROAD NO
HAULROAD NO
SHOVEL MEAN
HAULROAD NO
HAUIL.ROAD! NO
CRUSHER

SYSTEM NO =
HAULROAD NO
HAULROAD NO
SHOVEL MEAN
HAULROAD NO
HAULROAD NGO

CRUSHER MEAN

SYSTEM NO =
HAULROAD NO
HAULROAI NO
SHOVEL MEAN
HAULROALD NO
HAULROAD NO
CRUSHER

SYSTEM NO =
HAULROAD NO
HAUL.ROAT! NO
SHOVEL MEAN
HAULROAD NO
HAULROAD NO

MEAN

MEAN

1

1 MEAN
2 MEAN
Is

3 MEAN
4 MEAN
IS

MEAN
MEAN

MEAN
MEAN
S

-
DWW

MEAN
MEAN

MEAN
MEAN

Lo
HS O WP e G

MEAN
MEAN

M oD

IS
3 MEAN
4 MEAN

CRUSHER MEAN IS

Results from

IS 240.00
IS 200.00
240.00

IS 350.00
I8 300.00
60,00

IS8 240.00
IS 300.00
240,00

IS 300,00
IS 300.00
60.00

IS8 240,00
IS 450.00
300.00

IS 630.00
I8 300,00
60.00

IS 240.00
I8 600.00
300.00

Is 870.00
IS 300,00
60.00

TABLE 6.1f

AND
AN
AND
AND
AND
AND

AND
ANID

AN

AN
AND
AND

ANL
ANI
ANI
AND
AND
AN

AN
AND
AND
AMI
AND
AN

IN TONS IS 120.00
SHIFT ARE

ARE

VARIANCE
VARIANCE
VARIANCE
VARIANCE
VARIANCE
VARIANCE

VARIANCE
VARIANCE
VARIANCE
VARIANCE
VARIANCE
VARIANCE

VARIANCE
VARIANCE
VARIANCE
VARIANCE
VARIANCE
VARIANCE

VARIANCE
VARTIANCE
VARIANCE
VARTIANCE
VARIANCE
VARIANCE

Program ELB.FOR (1 of 2).

XXx

IS
IS
IS
IS
IS
IS

I8
IS
IS
I8
IS
IS

IS
IS
I8
IS8
IS
IS

IS
IS
I8
IS
IS
IS

127

36.00
23.00
49 .00
49.00
49 .00

25.00

36.00
49,00
49,00
64,00
49,00

25,00

346,00
54,00
64,00
81.00
49,00

25,00

36.00
81.00
64,00
121.00
49,00

253.00
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ITERATION NUMBER 2

SYSTEM NUMEER 1
NUMBER OF TRUCKS = S
EXFONENTIAL WAITING TIME IS
EXF-~-CONST WAITING TIME IS
CONST-CONST WAITING TIME IS
TRUE WAITING TIME FOR SHOVEL

SYSTEM NUMEBER 2
NUMEBER OF TRUCKS = b6
EXFONENTIAL WAITING TIME IS
EXF-CONST WAITING TIME IS
CONST-CONST WAITING TIME IS
TRUE WAITING TIME FOR SHOVEL

SYSTEM NUMEER 3
CMNUMBER OF TRUCKS = 6
EXFONENTIAL WAITING TIME IS
EXF-CONST WAITING TIME IS
CONST~CONST WAITING TIME IS
TRUE WAITING TIME FOR SHOVEL

SYSTEM NUMRBER 4
NUMEBER OF TRUCKS = 7

SECONDS.,
SECONDG.

169.50
107.79

0.00

1 IS 8,98

192,96 SECONDS.
122,22 SECONDS.

0.00

2 IS 7.78

SECONDS.
SECONDS.,

231.88
146.93

0.00

3 IS 10.922

EXFONENTIAL WAITING TIME IS 242,71 SECONDS.
EXF-CONST WAITING TIME IS 150.78 SECONDS.
CONST-CONST WAITING TIME IS .00
TRUE WAITING TIME FOR SHOVEL 4 IS 10.95
SYSTEM NUMEBER 5
NUMEBER OF TRUCKS = 24
EXFONENTIAL WAITING TIME IS 122.73  SECONDS.
EXF~CONST WAITING TIME IS 74.06 SECONDSG.
CONST-CONST WAITING TIME IS 0.00
TRUE WAIT AT CRUSHER IS 10.23  SECONDS.
EXFONENTIAL FRODUCTION IS = 19752.5
ACTUAL FRODUCTION 1S5 = 23240.2 TONS

TABLE 6.1g.

Results from Program ELB.FOR (2 of

2)
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6.3 Testing the Programs Using Data from an Operating Open

Pit Mine

The time study data detailed in Table 6.2 was obtained
from the daily production summary, and a time study of the
various production activities in an open pit mine. In some
areas interpretation was required to arrange the data in a
form compatible with computer input requirements, particu-
larly in the crusher area. The mine operates two crushers
whose average mean service time is 64 seconds, and the average
variance of this time is 16 seconds. Because the programs
are only equipped to handle single crusher systems, the crusher
times were divided by two, and this time was used as computer
input. Thus the computer uses one crusher serving trucks at
twice the average rate of the crushers in the operating sit-
uation. This has the effect of reducing crusher waiting time
and truck waiting time at the crusher, because there-is not
the possibility of one crusher idle while the other crusher
has one truck in service and another truck waiting for ser-
vice. A second area of variation was that the time study
data from Shovel 1 was applied to Shovel 2 (since they were
similar shovels loading the same type of trucks), and the
same occurred with Shovel 3 and Shovel 4. The mine haulage
layout is detailed in Figure 6.2. Forty-eight, 100 ton trucks
were operated in the mine for 6.28 available hours. The est-
imates produced are shown in Table 6.3.

The estimates in Table 6.3 show that both programs over-—
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No. of trucks operating: 48

Truck Capacity:

100 tqns

130

Table of mean and variance of travel and service times

(below) .
Section Mean Variance
(Seconds) (Seconds)
Crusher to Dispatcher 256 + 14
Dispatcher to Shovel 1 120 + 6
Dispatcher to Shovel 2 182 + 9
Dispatcher to Shovel 3 243 + 13
Dispatcher to Shovel 4 298 + 17
Service at Shovel 1 108 + 10
Service at Shovel 2 108 + 10
Service at Shovel 3 144 + 15
Service at Shovel 4 144 + 15
Shovel 1 to Junction 128 + 15
Shovel 2 to Junction 238 + 28
Shovel 3 to Junction 367 + 31
Shovel 4 to Junction 483 + 47
Junction to Crusher + 58
Crusher No. 1 62 + 12
Crusher No. 2 66 + 20

Production per shift

averaged - 59,111 tons.

TABLE 6.2

Results from Time Study in an Operating Open Pit Mine.
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u-603_ | CRUSHER 1| y.2s56
U = 62
02-58 02=14
g2 = 12
u=603_ CRUSHER 2 =256
U = 66
2. 2ai
02-58 52 = 20 02=14
JUNCTION DISPATCHER
=128 SHOVEL 1
0°=15 62 =10
U =238 SHOVEL 2

02 =10
=367 SHOVEL 3
2- I = 144
02231 52 =15
=483 SHOVEL 4
U = 144
02=47 g2=17
| g2 =15

Figure 6.2. Mine Haulage-Time Study Layout.



T-2029 133

estimated the actual production of 59111 tons. SIM.FOR by
approximately 5% and ELB.FOR by approximately 17%. It is
not possible to analyze where errors occurred based on this
one example. The data might well be slightly inaccurate, or
the program may be over-estimating by the amount indicated.
However, it may be concluded that in this case the estimate
produced by program SIM.FOR was closer to the actual produc-
tion than that produced by program ELB.FOR.

The results obtained in tﬁis section and section 6.2
indicate that there is a relationship between the results of
the QUE.FOR, SIM.FOR and ELB.FOR programs. QUE.FOR and SIM.FOR
(exp-exp) give approximately equal production estimates, while
ELB.FOR exponential results are generally 5% higher. SIM.FOR
(normal-log) gives results between 5 to 10% higher (than the
exponentially distributed QUE.FOR results), while ELB.FOR
corrected results are 10 to 20% higher (than the exponentially

distributed QUE.FOR results).

6.4 Discussion of the Factors Influencing Program Results

6.4.1 A Basis for Selecting the Most Accurate Estimator.

The effect of using exponentially distributed travel
times and service times on production is discussed by Gaarslev
(13). He studied the effect of altering the K values for
service and travel times which conformed to the erlang-K dis-
tribution. By repeated modelling of many different systems
: he established the increase in productivity obtained by

altering the K value from:
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K

1, an exponential distribution
through K = 5, a log normal distribution

to K = 20, a normal distribution

The results of his experiments aie represented in Figure
6.3, which is for the particular system where the ratio of
service time to travel time is 0.18. Teicholz' Report-No. 26
(17) states that using exponential service and travel time
distributions will result in underestimation of the production
by as much as 10%.

Based on the above information it may be concluded that
the true production is somewhere between 5 and 15% higher than
the production estimated by a reliable method which uses ex-

ponential service and travel time distributions. As observed

in sections 6.2 and 6.3, the estimates from QUE.FOR, SIM.FOR
(exp-~exp) and ELB.FOR (exp-exp) are generally within 5% of
each other, %Iﬁh SIM.FOR (normal-log) between 5 and 10%
greater, and ELB.FOR corrected between 10-20% greater.

Based on the limited information and data available, this
author believes that of the three programs tested, SIM.FOR
(normal-log) estimates will most closely approximate the
actual production from an open pit mine. However it is rec-
ognized that with adjustment of the correction factor used
in program ELB.FOR, this method would be far superior to
program SIM.FOR, because it would drastically reduce computing

time required.
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A% increase in
productivity

1.

r—-—-—— — —— —  — SE—— S——

Note: There is little
variation between the
normal and log-normal
distributions product-

ivity.

10 15

O P = m—— e o o————

N

Figﬁre 6.3. The Effect of the K Factor on a Pro-
duction Estimate (A= 0.18) (after
Gaarslev (13) ).
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6.4.2 Discussion of the Probability Distributions Obtained
from the Data Analysis.
A comparison of probability distributions developed
from processing the data collected for this thesis, and dis-
tributions presented by Morgan (4) and Deshmukh (8) which were
accepted by the mining industry, was carried out. The compar-
ison is tabulated in Table 6.4. It must be realized that the
applicable distribution will alter from operation to operation,
and even within one mine. For example, the shovel 1oading
distribution may be highly dependent on the digging conditions,
or the ability of the operator. Thus the discrepancies ob-

served in Table 6.4 are understandable.

6.4.3 Influence of the .coefficient of Variation.

Variation in activity times directly affects the ef-
ficiency of a series or cyclic operation. The <coefficient
of variation (C.0.V.) allows the estimator a dimensionless
qualitative comparison between operations. Elbrond (14) has
sufficient confidence in the C.0.V. as a measure of effiéiency,
that he bases his correction factor on the values of travel
time and service time C.O.V. This author feelszthat the C.0.V.
of activities could well be used in conjunction with other
monitoring deviées, as a measure of success in any program
designed to increase efficiency of a mine haulage system. The
coefficient of variation is defined

Coefficient of Variation _ Standard Deviation
(denoted C.0.V.) Mean
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Activity Distribution

Thesis Petersen Deshmukh
Load Log-normal Log-normal Log~normal
Haul Normal Normal Deterministic
Dump Normal or Normal Log-normal

Log-normal
Wait -——— Log-normal Log-normal
Payload -—- Normal -
TABLE 6.4

A Comparison of Probability Distributions
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‘The C.0.V. for individual activities will vary between mining .
ibperations. As an example of this,consider the shovel loading
'distributions presented in Table 5.1d. For mine no. 1 the
C.0.V. is in general 1less than 0.1, while for mine no. 2 it

is well in excess of 1.0 for the particular shovels on which
~the time study was conducted. Such variations between oper-
ations make it imperative that to achieve maximum accuracy

in the estimation of production, the distribution and para-
meters of each activity must be established for every mine in

which estimates are to be carried out by probabilistic methods.

6.4.4. Discussion of the Calculated Activity Times.

The comparison in this thesis of the mean travel time
established from the data, and that calculated from manufact-
urers' curves by the rimpull method, indicated that for uphill
travel the actual travel time was within #10% of the calculated
travel time. No conclusion could be reached for downhill
‘travel (due to speed limits imposed within the pit), or travel
along flat haulroads (because none were involved in the time
study). Morgan (4) disagrees with this conclusion and states
that actual travel times are generally greater than calcul-
ated travel times by approximately twenty percent, despite
variations in haulroad profile. This author feels that this
is another area where differences will occur between opera-
tions. One reason for this will be the variation in loading

policy from mine to mine. Some operations allow loads far
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in excess of the listed machine capacity to be carried, and
accept increased maintenance costs. Others purposely de-rate
the truck capacity, hoping to achieve the same production

by decreasing the cycle time per truck, and increasing the
availability of the unit.

The general conclusion which can be made from the obser-
vations in this section is that extreme care must be exercised
in selecting the distribution and parameters of all activities,
and ensuring they apply in the mine layout for which the pro-
duction estimate is required, if the estimate produced is

to be accurate.

6.5 Critical Analysis of the Three Estimation Programs

From previous discussion it is obvious that cyclic queueing
theory has to be avoided when estimating actual open pit mine
production, because of the excessive build up of computer
operating time. It was intended to incorporate the ability
to handle erlang-X probability distributions in program
QUE.FOR, but when it was realized the method Was to be re-
jected, this modification was abandoned.

Program SIM.FOR appears to be producing a more accurate
estimate than program ELB.FOR in their present forms, how-
ever the computer time required to produce the estimate is
considerably greater, which is a major disadvantage. SIM.FOR
is considerably more flexible than either of the queueing

theory models. It can be used to estimate production‘with

}
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any one of the mine activity distributions provided it

is not limited to simulation of a mining operation by empir-
ical correction factors as is ELB.FOR, and it can handle any
number of variable inputs (i.e. x different types of servers
with y different types of customers). A further advantage

is that SIM.FOR does not assume steady state from the moment
of start-up nor throughout the time of operation, it actually
simulates the variability of the system throughout the dura-
tion of the operating time.

The superior gueueing model is ELB.FOR. By use of the
correction factor the model adjusts the estimate produced
from exponentially distributed activity probabilities, to pro-
duce the corrected estimate. Based on the findings of other
authors and on the one estimation of an operating mine carried
out in this thesis, this author feels the correction factor
needs modification. Program ELB.FOR does not have the flex-
ibility of program,SIM.FOR; however it has a distinct advantage
in that it uses only a fraction of the computer operating
time required to achieve a satisfactory result with the simu-
lation method. The program is limited to use with open pit
mining operations by the empirically derived correction
factor. It is suggested that if erlang-K distributions were
used in ELB.FOR rather than the present exponential dis-
tributions and correction factor, the program would be much
more flexible and adjustment of the estimate to achieve a
more accurate estimate could be conducted by alfering the K.

value.
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In conclusion it should be recognized that while . this

‘author considers SIM.FOR a more useful program at present,

program ELB.FOR has more potential for development into a

much superior program, due to the short computer time required.
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‘6.6 Recommendations for Further Development of Probabilistic

Mine Production Estimators

6.6.1 Collection and Analysis of Data from Operating Mines.

It must be realized that the principle objective of this
thesis was to present and compare queueing theory and Monte
Carlo simulation techniques for estimating production in open
pit mines. In many areas the information on which conclusions
were based was minimal. Considerable scope exists for further
data collection and analysis to determine broad outlines of
the expected distribution and parameters for the activities
associated with open pit mining. It is suggested that program
TEST.FOR would be a useful tool for anyone undertaking such a
detailed study. The effect of variables such as haul road pro-
‘file, length of travel, type of haul unit (prime mover type
;versus rear dump type), variation of slope,and power to weight
ﬁratio»could be analyzed. Also the possibility of using the
weighted average slope (length x slope/length) to calculate the

approximate travel time appears to warrant investigation.

6.6.2 Further Development of Program ELB.FOR.

While pfogram SIM.FOR is considered to provide the best
estimate of production at the present time, modification of the
“Elbrond correction factor to produce estimates in the range 5
~to 10% higher than the exponential estimates would undoubtedly
‘result in a far superior program. Even now Elbrond's estimates

may be correct for particular mining operations, and further
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‘work in estimating the production of operating mines is rec-
;ommended to ascertain whether or not the 5 to 10% excess on

the exponential estimates is indeed true for the industry as

'a whole. The main problem in industrial systems is that

the tremendous variations in mine haulage layouts, operation
:bolicies, and haulage units, make the collection of representative
zéata an almost impossible task for any one individual, and would

ipossibly be best undertaken by an interested organization such

%as the U.S. Bureau of Mines.

Improvements recommended for program ELB.FOR include:

A. Introduction of a subroutine which would allow one
or two crushers to be selected.

B. Incorporation of truck load distributions and para-
meters. Then instead of always assuming the haul units
carry a deterministic load, the program could calculate
the probable number of tons carried by each unit.

C. 1In association with "B", the ability to estimate pro-
duction for a fleet of trucks composed of two or three
different truck types could be included in the program,
by incorporation of a distribution from which the pro-
gram could decide the probability that the unit for
which an activity was being calculated was a type "A"
unit, and would select the distribution and parameters
applicable to that activity/unit combination.

D. Incorporation of a block which allowed optimal allo-
cation of the trucks to a particular shovel, based

on one of the following criteria.
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1. Maximum production
2. Maximum utilization of the trucks
3. Maximum utilization of the shovels

E. Incorporation of Elbrond's (15) correction factor for a
major shut down within the duration of a shift. (See
Elbrond (15).

6.6.3 Modification of the Finite Queueing Model.

This author considers that the Finite Queueing Model
presented by Elbrond could be improved by avoiding the use of
the coefficient of variation of travel time and service time
in determining the correction factor, and if possible avoiding
the correction factor all togethér. The main objections to
the use of the coefficient of variationas a basis for deter-
mining the correction factor are:

A. Elbrond's model is developed around exponential and
constant activity times. 'If the coefficient of var-
iation is not either Zero or unity, then the system
is neither consfantnor exponential, and the correction
made is purely an approximation, made on the assumption
that the degree of exponentialityis proportional to
magnitude of the coefficient of variation.

B. The use of the C.0.V. implies either that the activities
represented always conform to a particular distribution,
or that the waiting time is totally dependent on the
C.0.V., and independent of the distribution of activity

times.
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As a means of avoiding the C.0.V. approach,this author
suggests that erlang-K distributions could be incorporated
in a Finite Queueing Model such as Elbrond's. The same
range of distributions can be covered (from constant to expo-
nential), with considerably more control, by adjusting the K

factor. Thus if

K = 1 the distribution is exponential, or

K = 5 the distribution is log-normal, or

K = 20 the distribution is normal, or

K = 100, 99% values lie within % 0.34 of M, or

K = 1000, 99% values lie within + 0.01u (L £ constant)

Sections 6.6.4, 6.6.5 and 6.6.6 detail some suggestions
which this authof feels may be useful to any organizatibn
seeking to improve the present models by use of the erlang-K
distributions. Section 6.6.7 explains a problem to be over-

come in each of the above models.

6.6.4 An Erlang-K Service Distribution Model
The main reason the exponential distribution has

played such a significant role.ih previous models is because
of the relatively simple mathematics involved when using it.
Other types of distributions are generally more difficult to
solve. Thus to avoid particularly complicated mathemafics,
this author suggests develobment should begin with only one
erlang distribution incorporated. There are four possibil-

ities in this area.
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A. An Ek/M/l queue with correction factor.

B. An M/Ek/l queue with correction factor.

c. Aa D/Ek/l gueue with correction factor.

D. A combination of "B" and "C" above.

An examination of the data analyzed in Chapter 5, shows
that while travel times are generally fairly stable for any
given set of conditions, the service times at the shovel have
a considerablé C.0.V. due to the many factors (outlined in
section 1.2.1) which affect the loading activity time. Since
the reason for suggesting modification of the finite queueing
model to include an erlang-K distribution is to control the
variability, it would be reasonable to use the erlang-K as
the service distribution. This implies that alternative "A"
will be discarded. A second justification for this action is
that the mathematics involved in using Ek arrival»distributions,
is extremely complicated. For those interested, the 'measures
of effectiveness' equations applicable to an Ek/M/l gueue are
derived by Gross (23), section 4.3.2. On the other hand the
derivation of the same formulae for an M/Ek/l gueue or
D/Ek/l queue are considerably easier. The derivations for an
M/Ek/l qgueue are also given by Gross (23), section 4.3. Ob-
viously the arrivals are not deterministic, and this author
doubts that they will conform to an exponential distribution
(based on the data analyzed in Chapter 5). Thus a correction
factor of some sort will be reguired in the suggested model,

and perhaps this could be a function of the K factor for the
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travel time. The suggested model is shown diagramatic-

ally in Figure 6.4.

AD. K VALUES (N.T.S)

10000 20 5 1 ARRIVAL
K- + —+ S—
A Bi ) DISTRIBUTION
Wq still has to be Service time
corrected for the can be controlled
arrival distribution. on this axis by
adjusting the
value of K.
ke1 41— — — - — — —— _ i
Y Y
D/Ek/l M/El/l

ALTERNATIVE SERVICE DISTRIBUTIONS.

Figure 6.4. Suggested Modified G/Ek/l Finite
Queueing Theory Model.

It is suggested that a combination of both the D/Ek/l
and the M/Ek/l models would place lower and upper bounds
{respectively) on the waitihg time for any particular set of
service parameters, and then an interpolation based on the
K value of the arrival diStribution could be made between
these limits. Of course one could use one or the other,

D/Ek/l or M/Ek/l, andra'¢orrection factor, but the model would
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be at a disadvantage because both bounds were not known.

The advantage that this model has over Elbrond's, is
that instead of the waiting time being defined only at points
A, B and D shown in Figure 6.4, the model can be continuously
defined along the B-D axis, and the interpolation is only

along the A-B axis.

6.6.5 An Ek/Em/l Model.

The obvious extension of the model discussed in the
previous section is the Ek/Em/l model. It allows complete
control of both the travel and §ervice activities and elim-
inates the need for any interpolation or correction factor.
However the mathematics involved are extremely complex.
Methods of solution for an Ek/Em/l gueue are presented by
Greenberg (32), Kotiah (33) and Jackson (34), and a solution
method for the more complex Ek/Em/C is presented by Poyntz
(35). Each of these methods uses either a root finding aigo—
rithm or extremely complex generating functions to find a
solution, and Poyntz suggests the use of a computer to solve
the multiple server case. None of these models are truly
applicable to the mining situation because they all have an
infinite calling source. (This will be discussed further in
section 6.6.7.) Although a thorough library search of oper-
ations research and statistical periodicals was conducted,
no Ek/Em/l model with a finite calling source was found. This

author feels the development of this estimation model will
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be delayed until the finite Ek/Em/l model is developed.

6.6.6 Approximaﬁion Models Using Erlang-K Distributions.
The models discussed in this section are purely ideas

which this author considered while developing the thesis.
They differ considerably from the previous models in that they
treat the complete mining system as a single server, with
service time based on an erlang-K distribution. To disting-
uish between the models which are similar call them:

A. The Weighted K Model

B. The Equal Exponential Model
The weighted K model uses the basic system shown in Figure
3.la. However instead of the server representing only the
shovel, it represents the complete system. Consider the

system outlined below:

Activity Distribution Mean Time K(for(2))x(3) Activity

Factor

(1) (2) (3) (4) (5)
Return Normal 5 mins 20 x 5 100
Load Lognormal 3 mins 5 x 3 15
Haul Normal 9 mins 20 x 9 180
Dump Exponential 1 min 1l x1 1

: _ 2(Column 5) _ 296 _

Weighted K ,Z(Column 3y = 1§ = 16.44

Therefore in this case the model would calculate the waiting

time for a system with a finite number of trucks, N, and an
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erlang service distribution with K = 16 (because K must be

a positive integer), and M= 18 minutes. There are many
unanswered questions regarding this model; how does it account
for different shovel sizes, does it use the weighted average
time for each activity in the mine, etc. However, the model
is oniy being presented as a possibly feasible idea, to be
developed independently of this thesis, therefore the solution
to these problems will not be discussed.

The equal exponential model is based upon a similar con-
cept, except that in this model the activity times are all
broken down into smaller subservice units, each with an expo-
nential service distribution. Thus for the system outlined
in the previous paragraph this model would break each ac-
tivity down into subservice units of equal time, say one

minute. Thus:

Activity Mean Time Number of Subunits
Return 5 mins 5
Load 3 mins 3
‘Haul 9 mins 9
Dump 1 min 1

Therefore the total number of subunits is 18. The model would
calculate the waiting time for a system with a finite number
of trucks, N, and an erlang service distribution with K = 18

and M= 18 (because ui = 1 minute). Again there are obvious
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problems in the application of this model.

6.6.7 The Importance of a Finite Calling Population.

Many of the gueueing models available in current liter-
ature would be ideal for use as a production estimation model,
except for the fact that they draw their customers from an
infinite source, and it is tempting to try to ignore the in-
fluence of the type of calling source. However, ignoring the
finite element of the model results in gross errors. As an
example, consider the system outlined below, which was initi-
ally worked using a finite exponential arrival and service
time queueing model, and then using a model with poisson
arrival distribution and erlang-K service distribution with

an infinite calling source.

System Parameters:
- Travel Time 18 minutes
- Service Time 1.5 minutes

- No. of Trucks 10 trucks

Results:
- M/M/1 model (finite) Wq = 1.49 minutes
- M/Ek/l model (K=1, infinite) Wq = 4.73 minutes
- M/Ek/l model (K=5, infinite) Wq = 2.84 minutes
- M/Ek/l model (K=20, infinite) Wq = 2.49 minutes

M/E, /1 model (K=9999, infinite) W, = 2.37 minutes
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Thus it is apparent that with an infinite calling source
the probability that a truck will arrive does not decrease

as trucks enter the system, so there are more trucks in the
queue and Wq is greater than for a finite queue. The amount
by which Wq (infinite) is greater than Wq (finite) is inversely
proportional to the finite number of trucks,and is also a
function of arrival and service rates. Therefore it is dif-
ficult to account for this variation empirically, and the
queueing model used must be a finite gueue. It is interesting
to note that the cyclic queue does not suffer from this pro-
blem since N is always defined, and it may well be that a
cyclic queue with erlang service distributions (despite the
build-up of calculations), will eventually be found to be the
most acceptable method of estimation. Koenisberg (36) has
recently published an analysis of a fleet of tankers using a
very similar progrém to program QUE.FOR, which indicates

he still believes in cyclic gqueues, at least for some appli-

cations.

6.7 Conclusions

This study provides a basis for the selection of a
probabilistic method to determine estimates of the production
‘from an open pit mine. It develops methods by which mining
companies may evaluate the distribution and parameters for
the activities which make up the mining operation, and gives

an indication of which distributions are applicable to the
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various activities. It also studies the possible benefits
to be obtained by installing optimal truck to shovel assign-
ment in an open pit operation.

This author believes, at present, stochastic simulation
is a more accurate method of production estimation, but that
the finite queueing method will eventually be refined, and
will replace stochastic simulation due to the reduced computer
time required to obtain a solution. Recommendations are made
for further work in the presently developing field of pro-
babilistic estimation.

The author realizes that the work presented in this thesis
is a rather restricted study of a huge field, and should be
regarded as such. However, it is hoped that it may provide
guidancé, which future researchers may refine and extend into

a more useful probabilistic estimation model.
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