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ABSTRACT

This study eiploresithe feasibility of continuously reassigning
“or "dispatching! tfﬁcks to shovels in én open'pit{mine; A typical
model for a truck-shovel haulége system is defined, The various con-
figurationgtof thefmodel incorporated 2, 4,.aﬁd 6 shovels.‘ Digital
computer simulation is.used to determine tﬁe effect ofrdispatching, It
is found that, in general, dispatching does increase mine production to
some extent, HoweVer, each mine should be evaluated for its specific

conditions before a definite decision is made,
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CHAPTER 1
INTRODUCTION

Open pit or surface mining has becpmgAingreasingly prevalent in
'reﬁentiyearsﬂ ’Thé decline in gradé andSQQaﬁtity'of crude ofes; com-
bined with' the increased demand for more mineral commodities, has
forced the mineral industry to increase vastly the amount of matérial
handled. Because of this negd, the trend has been toward open pit min=
iﬁg where economies  of size and increased mechanization may be realized,
The effeét of this trénd.is,ﬁartiéularly noticeable in Southern Arizona
with itg large open pit copper mines.

Eigﬁ£j—twoipertent of éll»metalliciand nonmetallic ores and coél
was'mined from the surface in the Uhited States in 1964 (Allsman 1968),
A Trecent government reﬁort (U. S. Bureau of Mines 1970) indicates that
the demand of domestic resources is expected to increase at 3.4 to 5.5%

per year.

The Role of Trucks
Thé emphasis toward surfaée mining was also enﬁancéd‘by the in-
troduction of large off-highway trucks for haulage, Prior £o 1955,
most material from surface mines was hauled by rail., This technique
'required slight grades, electric and rail lines, and switching stafions.
In 1955, the acceptance of truck haulage became apparent (Allsman 1968).
- Trucks can negotiéte gradeé ten to fifteen timeS'as>steep as rail lines

and require little peripheral. equipment.
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For many years the increase in productivity of trucks kept pace
with the needs of open pit mining (Allsman 1968). = Today, trucks with a
carrying capacity of 240btons,aré operating (White 1972). Thismis ap—

. proximately eight times the size of earlie; truck'haulaée units aﬂd

- more thaﬁ doubig the size:of‘;he rail cars previously uéed,. Neverthe~
iéés, there isfsomé'questibn éé to whether or ﬁot these large vehicles
ha%e enough capabiiity for the tremendous amounts of overburden that
muét be removed at some ﬁines (Kress 1971),

Although thé size of the trucks and shovels has incréased;vthe
operating and management techniques in the mines have changed 1itt1e,‘
This thesis will explore a means of obtaining increased prodﬁction'ffém

a truck fleet in an open pit mine,

Problem Definition

The basic characteristics of the haul foads for open pit mines.
are presented schematically in Figure 1, Generally, there are at least
two dump locations for receiving waste and ore. The ore is dumped at a
“crusher which pulverizes the ore before furfhef processiﬁg. It is not
~uncommon for therhagl_roads tq merge hetween the dumps and the shovels,
Thisvaréa.is usuall?ineafvthé.fép vafhe pit and,isvéalledziﬁthroat,”
Passing is frequently allowed on the uphili portion of a haul road.

The standard practice in truck shoVel'systems is for mine man-
agers to assign a portion of the truck fleet to a particular'shovgl.
These trucks Wiil then return to this shovel throﬁghout the duration of
thé'Operaiing shift, For maximum prédﬁction,.a shovel éhould operate

continuously. While the shovel is loading one truck, the other trucks
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Figure 1. Schematic of haul roads.
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are traveling té,and from the dump location, . Because the trucks are a
majof'item.offexpenée,-the_system seldom contains enough tru;ks to
achieve maximum production,

Inefficiencies occur bécause the trucks and shovels do not oper-
_ate ap-consﬁant production rates, Var};tipniéﬂ‘the load and travel

- times is to be expécted; The inferactioné éf thevtrucks on the roads,
~at the intersectioné,'and at the dumps also has a disturbing effect.

Moreover, -the operaﬁions of both trﬁcks and shovels are inter-

 rupted for maigtenance‘and servicing. Shovels are required to move to
a new location every few hours. Uﬁpredicted breakdowns may occur,
Under present operating policies, it is not uncommon to observe several
trucks waiting in line at an inoperative shovel while a neighborhing
:shovelAhas been idle for se?erél‘minutes-dﬁe'tb a lack of trucks.,

Such observations are disturbing to mine management, but there
is little that can be done if the trucks must arbitrarily return to the
sémé‘shovél throughout the éhift.-

This thesis explores the concept of continuously dispatching
the trucks to the shovels, As each truck returns from the dump, the

_current status of the mine is obsérved and the trﬁck is sent to the most
appropriate sho§e1 at that moment. One question that immédiately'arises
is the definition of '"most appropriate.” This is not obvious, Several
dispatching schemes will be éxplored 1atér in this thesis,

The dispatching of trucks may seem of benefit when the procedure
is initially-suggeétéd. Further théught-reveals:that this might not
be so., If onefshovel is idle while a second shovel has trucks waiting

in line while it is repaired, it might seem reasonable to reassign the



trucks to the idle shovel, However, this merely saturates the second
shovel with trucksland most of these will remain idle'for a period of
ﬁime. Further, when the first:shovel is repaired;?it will then have to
“wait for trucks, It is sufficient.to say that the problem needs more

 than a cursory analysis,

- Préviogs Efforts

The term "dispatéhiné; does ﬁof have a standard definition
within the mineral industry.  For some ﬁines it implies productionr
scheduling which is the plan af ore removal over several months of
time, In effect, this would be.the reassigning of trucks to shovels
on a weekly or monthly basis, Other mines sugéest.reassigning the
truckélevery several hours or on a shift'basié (Kérski 1969). It is
sometimes mentioned in casual conversation that some mines have imple-
mented dispatching but that it hés not met with success, The lack of |
a common definition for the word probably explains some of the failures,

Dr. Lucieq Duckstein (1968) bresented a theoretical paper show-

ing the mathematical framework that could beAused in the analysis of
traffic flow in an open pit mine. Due to the difficulty éf this ap-
ﬁroach,-simplifying assumﬁtions wére made,’ Né failufe of equipment waé
allowed and only two shovels were incorporated, Discrete load-and
trafel distributions were utilized,

On the basis of .this analysis, i£ was reported‘£hat dispatching
would reduce the range of varia;ion:in‘arriyals at the shovel, The ef-
fect of a breakdown was éxpééted tg be iéss severe, No attempt was

made to quantify the effect of dispatching.



Cross and Williaﬁsonu(l969) presenﬁed‘the results of a case
stﬁdy,' By uéing simulation they determined that in the mine evaluated,
increased production could be bbtained by usingldispgtching.: Théy‘con—.
cluded that ét this particular mine more productioﬂ could be obtained
- with dispatching qsing oﬁe_less truck than could be obtained without
diépatching ﬁéing amgreafer ﬁumber of trucks, However, this paper did
not discuss the specific techniqué of dispatching to be used,"

The only other reference that utilizes dispatching was pub-
lished by Deshmukﬁ (1970). After determining a reasonable number of
trucks for a nondispétched operation, simulation was used to determine
the optimum number of trucks for use with dispatching. In this model
.he sends trucks té the next idle shovel or to the shovel which has been
idle'the 16ﬁgé$t. With a shovel availabiliﬁy of 95%, Deshmukh reports
that a sligﬁt reduction in unit operating cost may be achieved by-using'

dispatching.

Problem Approach

A study of the:techniques and corresponding effects of dis~
patching is needed, This thesis will determine the expected perform-
ance of example minesAunder conditions of no dispatchingo These
results will then be compared to the performance aéhieved with vari-
ous dispatching criteria.

Digital computer simulatibn was used to prédict;ﬁhe production
of mine operations, Simulation should not be used in the anélysis of
a prébiem if more realistic or more precise techniques are available,

A real system can only be imitated.by a simulation model, Some



7
critical aspects couid be missed in such a’procedure, If,poséible, the
real éystém should be used as an integral part of the analysis,

If a mathematical sélutipn to a prqblem exists, an exact answer.
will be produced;. Simulation ié a statisti;al techniqﬁe whicﬁkrelies
on‘fﬁe ;omposite results of;a largelnumber_ofJSamples. This means that
£ﬁé énswéré oBtaiﬁed‘from siﬁuléfionlare not aéjﬁrecise, although accur-
acy will increase as the expected number of samples increases.

In this,truck-shovel‘system, various types of dispatching could -
be implemented in the mine but the expense would be prohibitivé; The
interactions of the mine components make it difficult to model a mine
by mathématical means,

 The components of thg system are not independént and ény action
~on one-element has a.défini£éﬁéffectfon-thé otHers.  Intﬁifion in such
a situation is often Unréliable-and not enough experience has been
gained in actual situations that the knowledge may be extrapolated,

Thus, digital computer simulation is an appropriate tool_for
use ‘on the truck-shovel problem, 'Simulatién is.in essence a téchniﬁue
for condﬁcting experiments on a model of a real system. Several mod-
els of truck—shbvelrsystems are developed in this thesis,  Simulation
 is then used'ﬁo*proauce the;experimental.datégnecéssary to evaluate the

different operating policies of the mines,



'CHAPTER 2
DESCRIPTION OF THE MODEL

The‘technigueiof-simglation involVes defining a system in terms
gpf its components énd the ruiéé governing iﬁferactioﬁs among the com-
Vponents; Thié sét‘of rules and components is ¢alled the model of the
system. In this ﬁodel, the.components are the trucks and shovels. The
rules govern operations at the dumps, shovels, and on the roads.

The components of the-system have chargcteristics or Mattrib-
utes" assoéiated with them. For the trucks and shovels, some of the
necessary attributes are the number of loads héuled, the amount of:idle
time, and the current pgerating status,

The type of simulation used for this thesis is called Next
Event Simulation. An event is definea as any operation that changes at
least one attribute of at least one component, Since the state of the
system is defined by its components“aﬁd their attribufes, this is

equivalent to saying that an event changes the state of the system,

The .Clock
Tﬁe remaining item neceséary iﬁ a simulation ﬁodel'is the
clock,. The events in thefsiﬁulation occur at different points on the
isimulated time scale, The clock advances over the time scale and es-

'tablishes the sequence of events,
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Two deciéionsvmugt be made with respect to the clbck;' One, by
what increment.dbes-the clock -advance over the simulated time scale;
and two, what is the smalleé£ uni£ of time'thatrwilllbe considered.

In Next Event Simulation, no concérn'is‘given to the ﬁodel be-
rtweeﬁ-changesvgf state, :?hg:qnly points that are of interest are those
a£ %ﬁiéh an évent-occﬁrs,  The c1§ck is advanced from one event time to-
thé next, regardless of the amount of the time between events, That is,
the simulated clock is advanced on an event-by-event basis. This pro-
cedure gives Next Event Siﬁulafiqn its name,.

. Utilizing this technique means that the increment of advance on
the simulated ﬁimé SCaiePis irregular, If three events occur at times
108, 109, and 129, the clock would be incremented by one time unit
after the first event, and by twenty units éfter the second event,

In this type of simulation, time is often measured with the max-
imum accuracy available in-the computer, However, too many digits may
be difficult to interpret and this préctice also introduces some pro-
gramming difficulties; For these reasons, an integer time scale was-
established for thiélmodel} The smallest possible increment éf time is
one second,

A function of the clock was eérlier defined as establishing the’
séquence of events. 1In additibn’to keeping track of the simulated time,
the clock détermines'which event is tooccﬁr° This does not mean fhat
the times of all eveﬁts in the éimulation are predetermiqed.. When - some

particular event occurs, it has the possibility of generating new



10
events, This technique is sometimes referrgd to as “boofstrappingn
(Gordon 1969), .
| | For example, the eveﬁt of a load completion may be simulated,
Two ﬁew events ére'then creéted. A new event ofrthe'truCk'arriving at
an ihtersection'is'established, and the event of a shovei ready fo load
is created, The 61d.évent'is Uforgottén.” 'Wheﬁ fﬂe clock advances to
a new evént time, this event will in turn generate another new event,

The open pit miné model may now be defiﬁed by the events of the
model, Events may occur at the intersections, .the dump, the shovel,
and the dispatcher. The technique of starting and stoppingAthe simula-
tion must also bé defined, ChaﬁterVB presents a discussion of -the mine
configurations that were studiéd and describes tﬁe parameters of the

‘model,

Intersection Events

Some provision must be made to allow féf:theAtrucks‘to*yield‘to'
one ‘another at an.intersectién, In traveling to an intersection, one
loaded truck may pasé énbthef on a dual lane haul road. This is par-
ticularly possible if one trgck is of a differeﬁt type. Empty trucks
ﬁusf yield ﬁé léaded tfﬁcks at anniﬁﬁefsecfion. Generélly, empty trucks
are restricted to single lane haul roads and cannot pass, Tailgating
is not ailowed. When'merging.at an intersection; trucks in the left.
lane ﬁave priority.

To model these criteria in a manner that exactly imitates real
‘life is too complicated for the benefit géined. Therefore, the inter-

section model was simplified.
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Empty trucks must travel to an intersection in the'ordér of
their departure for that intersection. The trucks are separated by a
spacing factorvfrom'thevprevious afrival. }Delays encountered bf empty -
trucks yielding at intersections are ignored, This‘ﬁas an inéignifi— |
cant effeét onithe’tétal'travel time beéagse of the rapid acceleration
6fla;aémp£y truck on a downhill slope.:
| For logded t?ucks, the trucks leaving an intersection must be
separated by a spacing factor, The order of the trucks departure is
determined by their arrival'fimes. One truck may pass another by leav-
ing aideparture point after some truck, but arriving at the‘nekt inter-
section ahead of it, This’analysis also applies to the merging of’
trucks at an intersection. |

When an intersection event is processed, an event specifying

the arrival of the truck at the next location is created,

Dump Event

There are at least three types of dumps with somewhat different
characteriétics at a sﬁrfaée mine; -The simplest is.a.waste dump where
"the t;uck backs up and‘empties the load. This may be done at any p?int
along a s£retch of.tﬁe dumﬁ and ﬁo deiays are encountered ‘from other
trucks, ’

A stockpile dump is similar except ﬁhat more accurate placing
of the load is usually desired., A small queue may form and delay some
of the trucks,

When .a truck is dumping ore at a 'crusher, the load must be pre-

cisely placed at the crusher bin. 'The crusher must be clear before
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dumping proceeds,>~Crushers are frequently designed to receive ore ‘from
two sides, In either case, queues may form due to a crusbef delay; If
sucﬁ a situation occurs; the decision to form .a small stockpile may be
méde° | \

In this,trpékfshqvel model, a crusher dump with a stockpile was
modeled. Délays corrésponding'to an inoperatiVe crusher or ; brief
difficulty with the truck will be encountered. The occurrence of these
delays is aséumed to be unif&rmly distributed_throﬁghout the day.

At the time of the dump event, the simulation checks to see if
the operational status of thevtruck was changed during its haul cycle,
If the truck has an attribuﬁe-indicating_é need for maintenance, it
dumps the load and is sent for repaifs before returning to service,
Tﬁié assumes that the breakdown of one truck-aoeé ﬁot directly affect
the operation of others by causing a road obstruction., Such breakdowns
might occur for electrical problems, low tires, or the need for fuel,

After the dump event is completed, the event of the truck ar-

riving at the dispatcher is generated,

Truck Loading:Eveﬁt
A truck ﬁas to be backed into ﬁosition for loading when it ar—
~rives at the shovel. Tﬁis is called ”séotting,". The truck ghould be
spotted just as the shovei has completed éne—half of its loadrswing and
is ready for’dischérge; If either operation is delayed, idle time will :
result for the truck or the shovel,
A shovel only loads one truck aﬁ a time but it can load from

two sides., While one truck is being loaded, the next truck may arrive
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and be spotted without waiting for the departure of the earlier truck.-
A truck may exit the shovel immediately after the discharge of the last
shovel load.. . The: truck -does not have to wait for the shovel to compléte
its.returh swing., |

After a truck has been loaded, it isrsenf to the next intersec—
‘tion on éﬁe réturn‘to the AUﬁﬁ; At'tﬁis time,“the 6peratibﬁal status
of #he shovel is checked to determine if a breakdown has occurred, .If
so, no more trucks are loaded until after repairs afevqompleted. Any
trucks ;raveling to this shovel or wéiting at it Willracéumulate idle
time, - Shovel breakdown might occur for repair of cableé ér bucket

teeth, electrical difficulties, or movement to a new location.

Dispatching Event

The dispatcher is located be;ween the dump and tﬁe shovels., In
defining the criteriaAby.which the dispatcher would assigﬁ thé.trucks
‘to the shovels, it was felt that'the model should be capable of being
readily implemenked by human éontrol, by a small process control type

of ébmputer, or by a combination of both,

No Dispatching

If no dispatching Waé»to be used, the truck continued to the

shovel assigned to it at the starﬁ of the shift,

Simple Counter

The first dispatching technique to be modeled was the most ele-
ﬁentary.~ This procedure utilized a counter for each shovel that speci-

fied the number of trucks that were at the shovel or traveling to it.
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When a truck arrived at the dispatcher, it was sent to the
shovel with the smallest counter value; In the event of a tie, the
truck7was diépétched_to the shovel with the lowest COunter and tﬁe long-~
est expected travel time.‘
This:techniqug_will‘be referred to as Type I dispatching or as

the "Simple Counter™ model,

g

Maximize Trucks, MaximizeVShovels

| Two'additional types of dispatching were iﬁplemented. One
method was to détermine where a truck could probably be loaded next and
assign it to this Shqvel. The other method was to determine which
shovel would probably be.idle next or had been idle the longest. The
truék was thenAdiépatched t0~fhis,loéation. ,Theseitechniquesrwill be
called "Maximize Trucks" and ”Maximize‘Shovelé,” respectively., They
may also be referred to ‘as Type II and Type III dispatching.

The difference in these two techniques involves the travel}
time, The next idle shovel may not be the same as the earliest eg—
pected load loéation because of é longei travel time to the;idle
shovel, Both techniques must take into aécouﬁt the pefcent.completion

'of:the truck béing ioadea, £ﬁé travel times to tﬁe shbvels,'and ﬁhe ex- .
pected completion time of anyrprevious trucks sent to that shovel,

For example, shovel A may be ready to load at a time of 100

“units while shovel B may not bevready until a time of 120° .Assume that
the current time is 90 and that the travel time from the‘dispatcher4to

shovel,A-is 40 units, while to shovel B it is 30 units. Then the next
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idle shovel is A,.But the 1écation where it is-expected that the truck
can be loaded earliest is sho&el B.. | |

‘In all types of ﬁispétching, no trucks were'sent.fé a shovel

that was down for repairs or maintenance,

Predicted Maintenance Option

 The need er‘services may'be_predicted iﬁ advance for many
breakdowné. This is pérticulérly'true for such items as movement of
the shovels and fueling of the trucks. Therefore, an additional cri-
terion was modeled for use with the dispatching methods,

Before dispatching a truck to ‘a shovel, the shovel status was
interrogated to determine if the shovel would begin repairs within the
next five‘minufés;.'In real life;‘this correspénds to checking the op-
eration of the shovel or communicating with the shovel operator, If
the shovel was scheduled for maintenance, no truck was dispatched to
. that particular shovel._ Any trucks previously assigned to that shovel
that were still empty had to be loaded before the shovel ceased’opera—‘
tion,

Further, whenever a truck was at the dispatch ldcation, the
0peratioﬁa1 statué'of the.truck was‘chééked. If it Wés éipected that

the truck would need service within.twenty minutes of the start of—
shovel maintenance, the truck was not dispatched to tﬁe‘shovel but was
1 sent to the fepair'shops,
This technique will be referred Eo és the "Predicted Mainten-

ance Option." Many mines cufreﬁtly utilize such an option--with or
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without dispatchers--by attempting to schedule all such maintenance for

!fhe lunch hours,

Start and End of a Shift
A truck begins a‘shift'af the dump and travels to the dispatch-"

ing location., It then advances to the shovel arbitrarily aséigned to
it or is-dispatched to aishovel. >Idle Fimeé are not ac;umulated for
the trucks or shovels until affer the fifo\truck at the shével-has
»beén»loaded.

A truck terminates hauling wﬁen it is expected that it cannot
leave'the dispatching point, receiﬁe its load, and return to the dump

befofe the énd of the shift,

Computer.Program

Programming this model is straightfofward‘ifvthe conéeptvof
Next Event Simulation is understood. Corresponding to each event there
is a subroutine that changes the.appropriate attributes.. Thé attrib-
utes of the components are available to all subroutines in the program..
A clock or monitor routiﬁe advances the clock from event to event and
calls the proper subroutine in sequence. |

The-computer program fof the truck-shovel model described here
is listed in the Apéendix;- This was compiled and executed on a CDC

6400. computer at The University of Arizona Computer Center,



CHAPTER 3
THE CHOICE OF PARAMETERS

A model for a truck—shovel»haulage sysﬁem in an open pit'ﬁine
WAS de&eléped in the previous:éﬁéptér."lf thisvmoaél is té be implé—
mented the parameters of the model must be defined,

Unfortunately, there is no way in which this may be done so
that the mine model becbmes generally applicable."Basié'differences
such as the number and type of'shovéls5 fhe make-up of the truck fleet,
the léﬁgth.of the haul roads,-and thé number of dumps exist between
mines, In fact, most mines have several types’of shovels and at least
two types of trucks; .More subtle diffefences in 6perating policies -aid.

:in making the definition'of a ggnerai mine impossible,

IQ this model, the parameters are defined so that a reasonable--
although somewhat éimplified——mine.model is déveioped. . Some of the re-
sults may bg’extrapolated to other ;ituations. HoWever, it appears
_that each mine is sufficiently uniqqg to warrant g.customized defini-

tion of the parameters if more specific results are needed,

Load and Travel Time Variates

‘Disffibutions for This Model

| | A truck loading is_essentially a repetitious production process
and as such could have a normal distribution (Gordon 1969, p. 114),
ﬁowéver, the»distributidn’for tfuck 1oadings canﬁot yieid»values below
some minimum because ofbthe bhysical limitations of the equipment.

17
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The distribution must -be truncated_to'the,left of the mean to ensure
that this minimum value is not exceeded,

A truck 1§ading,can'take’én indefinite amount of #ime.z But
once the duration of the loading has excéeded some iimit; the process
-has in fact'eqtered a new distribption-of delay and:breékdown times,
u’Thﬁs, the loading disfriﬁution shéﬁid be trﬁnéated on the right,

A similar ;rgumeﬁt may be applied to- the di;tribution of travel
times, This distribution should be bell-shaped about the mean, It
must be truncated on the side of low values becaﬁsé éf-the speed limits
of the trucks, A truck will not require an extremely large travelrtime
unleés it is delafed‘br broken.. Breakdowns should Ee congidered iﬂde—_~
pendent of the travel times.

fﬁ:this thesis, a t;uncafed nofmal'distribution will be used .
for the loaa;and travel times,

The technique of sampling from a truncated normal. distribution .
does raise one question. The mean of the samples ffom the truncated
distribution will be different from the original mean unléss the trun-
~cations are symmetric about the méan, In fhe load and travel time dis-
tributions, the left trunca£iop will be closer to the mean than ther
right, This will increase the mean value of the samples.

| If it is felt that the difference is criti¢al, a transformed
mean may be defined such that. the truncated distribution will yield a
mean- corresporiding to the mean desired (Johnson and Leone. 1964, Vol. I,

pp. 126-129)..
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In a Simuiatiqn model, any theoretical, empirical, or imagina-
ble distribﬁtion-may bg‘readily implemeﬁted. The mdst.apprépriaté dis-
tribution should be chdéen.7 If the'precision’suggeSted'by the abﬁvé

. : . )
 paragraph is needed and if the empirical distribution is available, it

Would-bevbetter~and eaSierth implement the empirical distribution,

',Diétributions,ffdmtOthér.Modelé

Fo¥ fhé distribution of load and travel times Deshmukh (1970)
and Douglas (1971) used the log-normal curve, VThis‘is something of a
staﬁdard practice in mathematicai mine modeling., There is little doubt-
£hat empirical data that inclUded:delays and down times éould be made
to fit this tﬁeoretical distribution, However,vthe log-normal is ép—
prbpriaté'forva Variatefthat is fhé rééultiof ﬁhe prodiuct of independ-
ent variates (Hahn and Shapiro 1967, p. 100), This is apparenfly not
the case for' either load times or travelitimes. R

Some of the models ﬁsing the-1og—normal'distribution apparently
sample from this distribution to obtain the entire travel fime for a
- truck without respect to the other trucks, Thisvis invalid, The-travel
times are not independent,

The slowing down of’one tfuck will delay all ﬁrucks immediately‘
following unless‘passing is allowed, The trucks must be‘pro;essed>3e~
quentially on an individual basis., In the model for this thesis, ﬁhe
possible travel time is determined independently of other -trucks. The
effect of thé other trucks is then determined, - If the truck éhoulﬁ be
delaygd, the apﬁropriate amount of time is added fo the travel time to

obtain the true time, This results in an occasional build-up of truck
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convoys on the réturn_from the dump. This possibility has been con-
firmed by Schneider (1971) and from personal observation;

Rycﬁkun (1971) rejects the log-normal distfibutipn in his éimuf
lation stﬁdy.' For the load distribution he ﬁsed'empifical data, . The
: variation in‘traQelytimes about a mean was determined froﬁ'a step func-

tion that approximated a truncated normal.

Shovel Parameters

Loading Times

Loading times for different types of shovels and for various
. ]
trucks may vary from a low of 1,5 min to a high of 6 to 8 min.  Most
modern equipment is designed ﬁo load a truck in four cycles of the.
shovel, - Each{cycle hé§_a duration of apprgxiﬁatély one~half minute.

- The model used in this thesis will generate randqm variétes<for'
load times from a truncated normal diétribution,' The mean 1oad tiﬁe is
2,0 min with a standard deviation of 0.30 min, The distribution is
truncated at 1.0 deviation to the left and at 3;O-deviations to the
right of the mean.

This is'qonsistent with the load times reported‘by Schneider
(1971), R?chkﬁn (1971), beshmukg (l970),.and Cfoss énd Williamson

(1969),

Down Times
Each shovel will break down twice a day. The length of the
times is determined from an exponential distribution with a mean of 22

‘min, .
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The frequency of down times and the duration is established. by
-the above references with the exception of Rychkun (1971) who did not

" have data available on the durétibn of shovel down times,

Truck Parameters

Dump Times
The bpefation of dumping a load has very little variation if no
i 4 ’

delay is encountered. The dump time was therefore constant at 1.0 min -

(Schneider 1971), Delays at the dump were incorporated separately,

Spotting Time

This is defined as a constant of 40 sec. This value was deter-

mined from the survey by Schneider (1971).°

Tailgating.Diéténce,

Each truck must remain separated from the previous truck by a
time duration of 10 sec, Tbis is double the facfor uéed bf-Crosé and
Williamson (1969). At 20 miles per hour, this corfesponds to 29;4 feeﬁ{
or approximétely one truck length.

This is not unreasonablé as the trucks often travel close to-
gether, 'Lbaded'trucﬁé travelinguuﬁhill havevnovdifficﬁlty in étopping

in a short distance. Empty trucks traveling downhill can brake easily. -

TrQCk Delays at the Dump

| The delays that é'truck may encounter at a dump are limited to
two ﬁer truck per shift, Thg delays are assumed to be uniformly dis-.
 £riButea tthﬁghout.the shift.> The duration of the delays is deter-

mined from an exponential distribution with a mean of 3.0 min. This
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corresponds to approximatély 10% of the total loads which was reported

by Schneidef (1971),

Truck Down Times

The length of time for truck maintenance is difficﬁltAto gener—
alize. Some mines attempt fo perform all maintenance during thé 1ungh
" hour. -Others havelraéid fueling_éfatioﬁs'ﬁext:to the roads. Probably
the most coﬁmon pracﬁice is therlocation of-the maintenance yard at
some dié£ance from the haul roads,

Pastika (1972)>reports a fuelihg time of 8 min by using road-
side service. The Cross-and Williamson study (1969) indicates that 30
miﬁ‘is possible,

In the pfesentvmodel.thélservicé or down times -will be.expohen—
tially distributed with a mean of 22 min. This includes all travel
timeAto andvfrom the maintenance yard. The down times are uniformly

distributed throughout the day.

Travel Times.

The mean travel times are given in’Table 1 and refer té the
locations labeled in Figure 2, Iﬁdividual,travél fimes will be detér-
mined from a truncated normél'distribution,"Thejstandard deviation is
15% of the mean value. The distribution iértruncated-at 1,0 deviations

to the left and at 4,0 deviations to the right,



Table 1, Mean travel times,
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Loaded -

Poiét #6 point (mfzzizéj - (minutes)
Dump. - Dispatcher 1.5 -
ﬁispéfcher'VA 114 1.0 -

I14 ~ 113 0.1 0.3
113 - 112 0.1 0.3.
T12 - I11 0.1 0.3
I11 - 110 0.1 0.3

110 - SA 1.1 2.8

I10 - SB 1.0 2.5
I11 - SC 1.0 2,5
112 ~ SD 1.0 2.5
I13 ~ SE 1.0 2.5
114 - SF 1.0 2.5
I14 - DUMP - 4.0 -
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Dum

Dispatcher

] »
Intersections:

Shovels:

SF

SA

Figure 2. Schematic of general mine models,
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Duratipn of Shift

The mines opefate on a 24-hr basis of 3 shifts of 8 hr each.

Lunch periods are 30 min long,. The duration of a shift is established

as 7.5 hr for this model,

-. Mine Configuration

- Most mines have haul cycles of between 10 and 20 min in dura-
tion. The number of trucks assigned to a shovel under ideal ‘conditions
may be calculated by the following equation:

travel time + dump time + load time
load time

(W

Ideal conditions assume that there is no variation in the load
and travel times and that the trucks and shovels never break dowm..
This is never. the césé,-but this equation is used as a general guide by
the mines because it is felt that the disérepancies cancel each other
out,

A haul cycle is a complete round trip for a truck that starts
at some point, receives a load, dumps it, and returns'forthe starting
point, The travel time is the time that a truck spends traveling on
thé roadways, either empty or loaded. The‘total time elapsed from the
time a truck 1éaVes a shovel until it returns to the same shovei is.
simply the dump time plus the travel time, The number of other trucks
loaded ét theVshovel duringifhis period is  the elapsed time divided by

the load time, Therefore; the total number of trucks assigned to the
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shovel is this number plus 1 for the truck.tﬁat just returned, This is
expressed By equation 1),

.It is important to establish haul routes so thaf neither the
- dispatched nor the-nondispatchéd operations have a definite advantage,.
This might be the case if each Shovellrequired an additional one-half
truck unit, vThe'disﬁétéhé; Eouid pbssibly éxéhénge 6ne truck between
the.shovels;

va the.difference in travel times' between two shovels is
greater than the,lqad time, the more distant shovel should‘haﬁe an ad-

‘ ditional ?ruck or trucks assigned to it, The nondispatching model - and .
the Simplé Countér dispatching model would havé_to incorporate these
additional trucks.

To make the model in this thesis easier to imblement, the total
difference in travel timeszbetween two shovels is 0,4 min. In the 6-
shovel model, the difference between the near aﬁd far shovels is ex-"
actly 2.0 min or the expected duration of oné load. 1If the trucks are.
arbitrarily assigned, all shovels will initially réceive.the same num-
bef of trucks, Any trucks left”over are assigned consecutively, begin-
ning with the shovels with the longer travel times.

Figuréf? and Téblevi pre;ent the general mine configuration.
Casevstudies,utilizing 2, 4, and 6 shovels were evaluated. The 2~
shovel models incorporated shovels SB and SE with intersection 14, The
é;shovel configurations used shovels SB, SC, SD, and SE and the inter-
sectiorns bétween them, The entire schematic diagram shoWn.in Figure 1-

- represents the 6-shovel model.

%
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The results of the simulation runs are presented and discussed"

in the next chapter.

Reduction of Vafiation

Tértést the’effects.of dispatchiﬁg under similar conditions,
somé of the Variatién iﬁ the model was identical for all shifts.' In
. particular, the operatioQVof.the shovels*was controlled,

Each shovel.bfoke down-twicé during a shift.. These down times
were arbitrarily established so that two shovéls would not be'dowp si-
multaneously.ﬂ The ddrations of the‘b:eakdowns were chosen at'réndom
but were the same for all shifts.

Eaph sﬁift for a particﬁlar model was numbered consecutively,
If fﬁb shiffs uﬁdef.differeﬁf modeis hadf£he saﬁe nﬁmber; then their
sequences of load times were identical, >That is, shift 1 of a non;
dispatched model corresponded exactly to shift 1 of any dispatched
model as far ‘as the sequence of load times was concerned. Each shovel
of each shift had a unique sequence of values,

~In a manner similar to tﬁe shovel breakdowns, the truck bregk—
downs were controlled. . The breakdown times and duratioﬁ; were estab-
iished at random but wéreridehticai for all shifts,

This procedure helps to iéolate the Qariation in thg different ‘
models ana reduces the number of runs. This is analogical to attempt-
ing to perform an experiment under idenfical conditions to reauce the.
residual Qariation.'rDifferénces can be detected with a much smaller

sample size than would otherwise be required,
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The production from &4 shifts was averaged to_obtéin each:data"
point for the reéults presgnted-in the‘next chapter. .Sﬁecifig-examples‘i
from the 4-shove17configurationrhave shown that appréximétely‘SO shifts_.
woﬁld be reQuired to obtain the same level-of accurééy if the load and -
down times wére allowed to vary, ;The means of the SQ-shift runs with
Qériation‘wéfe'ﬁithiﬁ Onévsfénda£d é%rorvgf esfimate-of'the 4-shift

runs, -



CHAPTER 4
DISCUSSION OF RESULTS -

A shqve1 is called "undertrucked" if itrdoes not have enéugh“
tfucks'aésigned to it. A syétém that ié approaching saturation Withv
trucks is called ”overtrucked.”- Using the steady state equation for a
 reference, the 2-, 4~, and 6-shovel configurations were evaiuated with
a raﬁge of truckS'exténding from an undertrucked to anjbvertruckédien:
vironment? All types of dispatchersvwere considered, Four shifts were

averaged to obtain each data point.

,Analysiéfdf Data

=

The frustration of trying to analyze simulation results makes
one realize why simulation is often called a '"tool of iast resort"
(Ockene 1970). Beéause the system simulated is usually complex and’
many of the distribufioné and parameters are unknown, advanced statis-
tical techniques must bé'used; For example, in this truck-shovel model
the distribution of 1oéd§ hauled is-unknoﬁn as is the real mean and
vafiaﬁce of.tﬁe distribution;> It_is.tobbe expected that the shape of
the dist?ibution is depeﬁdent upon the number of trucks, . the number of
shovels, and the type of diépatching.- There is no reason to expect
that there is any consistency from one model to anbther;

Reitman (1971, pp.'361~362) describes the difficulty of analyz--
ing'simulétion“results:'

29
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Simulation is a tool used after the analytical approaches have
been abandoned., Therefore, statistical techniques which would
have been valid for more conventlonal problems cannot automati-
cally be transferred into the area of complex system design., .
. « Under these circumstances the general rule for the designers
of complex systems is to rely heavily on comparative results be-
tween alternative designs rather than on absolute results, . . .
It appears better to err on the side of less statistical support
for conclus1ons than to clalm statistical 1nference which cannot
be supported

The data from the simulation study in this thesis will be ana-
lyzed by subjectively comparing the production of the various models,
In this manner, insight and experience relating té the real situation
may be gained, If this analysis was to be performed for a specific
mine,  then more extensive runs would have to be made to ensure.greater
accuracy and to perform statistical tests (see Procedure for Statisti-
cal Analysis section at the end of this chaptér).

Simulation results can often be checked against field data but
even this is most difficult in this problém.,-If the arbitrary con-
straint of all shifts working under identical conditions is released,
it requires maﬁy runs to obtain accuracy in the sample values, This
number of runs cannot be compared to a real mine because the mine is
‘constantly undergoing a change in configuration. It is also affected
by the additional factors of Weathér, day or night operations, and ore
requirements,

The distribution of loads hauled does not appear to be normal.
It terminates relatively near the mean on the right-hand 'side but is

" strongly skewed to the left or toward an occasional value that is much

lower -than the mean,
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To help gain a feel for the dispersion of the data, the stand-~
ard error of the mean for each data point has been calculated, This is

defined as:

/variance
N

where
. 2
variance = (xi - w” /N,
X, = the observation,
u = the mean,
N = the sample size.

General Results

Tables 2 through 5 give the output of the simulation runs.
Figures 3, 4, and 5 show graphs of parts of the tables. The points on
the plots are connected by straight line segments to aid in identifica-
tion, A smooth curve does not pass through the points since the addi-
tion of a truck is not necessarily consistent from point to point.

Figure 3 illustrates production curves from the two shovel con-
figuration. As is to be expected, the production increases steadily
for all curves until the system becomes overtrucked. Production then
begins to level off, When the shovels are operating at full capacity,
no additional production may be gained regardless of the number of
trucks,

Figure 4 presents some of the results from the 4-shovel model,
Use of equation (1) for the assignment of the trucks revealed that the

far shovel required 7.63 trucks while the near shovel required 7.03



Table 2. Peructién with two shovels,
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Dispatch without -

Dispatch with"

Number of No L : o

: . predicted maintenance predicted maintenance
trucks dispatch T T 111 T 1 IIT
11 256, 3 270.5 268.0 7268,8 272.7  272.5  272.5

(1.8)2 (1.9)  (1.6)  (1.2)  (1.8) (1.3) (1.3)

12 274.7 286.0 287.5 - 286.5  288.7 292.5 291,7
(1.9) (1.2)  (0.6) (0.6)  (2.0) (1.5) (€0.7) -

13 293.5 302.7 302.7 304.0  305.5 309.0 309,7

(1.5) (2.4) (0.4) (0.9 (2.2) (1.2) (1.6)

14 315.0 318.0 320.2 ~ 322.0  320.7 327.5  328.2

(1.5) €0.7)  (06)  (1.1). (1.8) (0.9 . (1.2)

15 329.5 326.2  335.5 334.7  333.0 342.0 341.5

(1.1) (1.0)  (1.3) (2.3 @7y (0.8 (1.9

16 337.2 327.5 336.2 336.7  331.3 343.0 343.2

(1.4) (1.4) (2.1) (@Q.1) (1.8)  (1.7) (1.4)

17 345.2 327.0  344.7 343.0  335.5 351.0° '349.5

(1.3) (2.6) (2.7) (.5 (1.5 (1.5 (0.8)

18 346,5 334.0 339.0 3400  338.2 348.0 - 348.5

(2.9) 0.9)  (1.4) (1.5  (1.8) (0.9 (2.0)

N

Numbers in parentheses designate standard error of mean.
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- Table 3. Production with four shovels,

Dispatch without - Dispatch with

Number of | Nb : .
o . predicted maintenance. predicted maintenance
trucks b'dlspatch I 1T IT1 I T 11
26 . 546.5 568.5 581.5 - 582.5 570.7 - 589.0 592.5
@.7% (2.5 (1.8) (3.1) (2.6) (1.5) (2.4)
¢ v | '
27 550.7 ' 568.0 583.5 586.5 578.0 594.5 . 598.7
(2.1) (0.8) (3.8) (4.7 (1.1) (3.6) (&.4)
28  566.5 582.0 600.2  599.2 598.0 608.7 614.2
(2.8). (1.8) (2.6) (0.4)  (2.7) @7 (1.5
29 581.3 596,0 618,0 611.0 606.3 625.0 620.7
' C(1.1) 4.6) (1.,6) (1.1) 2.7)  &.7) (2.2)
30 591.7 . 603.0  615.5 616.7 - 606.7 632.7 630.2
.7) (1.5) (3.7) (1.6) - (2.5) (3.2) (3.2)
31 604.5 614.2 629.0 630.5 623.5 643.5 640.2
: (1.7) (3.1) (2.8) (2.3 (2.0) - (3.5) (3.8)
32 612.7 625.0 639.2 640.5 635.7 653.0 648.0
o (1.9)  (2.9) (1.6) (3.2) (1.8)  (2.0) (2.1)
33 626.7 637.2 647.2  648.7 643,0 664,2 662,2
(1.1) (1.9)  (2.3) © (1.3) (3.7 (2.8) (1.4)

a, Numbers in parentheses designate standard error or mean.



Table 4. Four-shovel model with additional trucks.
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Number: No Di:spatch without Di spa_tch_ with
of  dispatch predicted maintenance predicted'maintenance

trucks 1T IIT
42 695.0 (1.1)% 685.5 (4.3) 718.2 (1.6) . 722.2 (2.3)
43 702.5 (1.65: 687.0 (2.8) 22505 (1.1) 727.2 (2.2)
4t 707.2 (1.6) 696.0 (2.0) "’ 730.2 (1.1) 728.0 (0.9)
45 713.2 (0,7)' 695. (3.45- 7317 (1.3)  730.7 (1.2)

46 ”715.2 (1.6) 697.5 (4.2) 732.2 (1.8)  732.2 (1.6)
47 - 718.6-(2,4) 703.2 (2.3) 732,7 (2.0)  733.0 (2:4)
48 721.7 (0.6) 709.0 (1.7) 734.5 (1.3)  734.5 (1.1)
49 726.2 (1.6 713.0 (3.2) 733,0 (2.1)  734.0 (0.9)
50 726.7 (1.7) 711.2 (4.4) 7342 (17) 7365 (1.4)
51 729.0 (1.7) 724; (1.6) 733.5 (1,0)  733.7 (1.7)
52 733.0 (1.5) 718.0 (3.4) (1.5)  734.2 (1.0)

734.0

a,

Numbers in parentheses

designate standard error of mean,
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"Table 5, Production with six Shovelé,

' Dispatch without , Dispatch with
Number of No : . . . . .
trucks dispatch predicted maintenance predicted maintenance
. I II IIT - I - II IiI
39 812.5 843.8  862.0 V86O.7 845.7  868.2  862.0
(1.6)% 46)  (2.7) (4.4) (1.6) (2.3) (5.1)
41 .. 834,7 . 872.5 899.2 896.5 883.5 900.0 899.7
(1.1) (3.3)  @.7) (3.3 4.3)  .4)  .4)
43 854.7 903,0 911,2 910,7 - .908.7 ' 914.0 914.2
- (3,0): (2.4 @.7). (.5) ~ (2.4) (2.6) (3.8)
45 888, 7 9247 935.5. 937.2 937.5  945.7- 949,2
S ) @) G G G B3 (5.7)
47 908.5 937.2 962.0° 961.5  954.2  963.0 967.0 -
(.1 (5.6)  (3.0)  (2.3)  (6.6) (3.6) (3.4)
49 - 932.2 961.7 977.2 - 986.0  967.7 989.7 989.7
(1.5) (5.1) (1.7) G.7)  (.2) (3.2) (4.3)
51 959.7 ©973.2 999.2 1001.0 987.0 1012.5 '1012.5

(.1) (1.9 .1 (.4 @5 (G (6.2)

a. Numbers in parentheses designate standard error of mean.



Loads
hauled
350 |-
325 |-
300 |—
P/
275 |-
I I l ! | I I |
250 11 12 13 14 15 16 17 18
Number of trucks
Key: + = No dispatching
0 = Simple counter (Type I) without predicted
maintenance
A = Maximize trucks (Type III) with predicted
maintenance

Figure 3, Production with two shovels,
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Loads

hauled

675

650

625

600

575

550

-

| | 1 | ] I !

525

Key:

26 27 28 29 30 31 32

Number of trucks

+ = No dispatching

X = Maximize shovels (Type II) with predicted
maintenance

A = Maximize trucks (Type III) with predicted
maintenance

Figure 4, Production with four shovels,
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Loads
hauled

750L—

725 —

700 —

675 | | | ] | ] ! 1 | ] I
42 43 44 45 46 47 48 49 50 51 52

Number of trucks

Key: + = No dispatching
0 Simple counter (Type I) without predicted maintenance
X = Maximize shovels (Type II) with predicted maintenance

nou

Figure 5, Four-shovel model with additional trucks,
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trucks, The model was evaluated with 26 to 33 trucks, HoWevér, pro-
duction:did not seem to reach a limit,

The number of trucks was extended for seiected dispatching
techniques on‘this‘4¥shovellmode1. Aé may be seen from Figure75 and
~Table 4, not:until.SZ trucks were assigﬁed to the system did the bro?‘

"duction levei off. Théfﬁﬁmbér of‘tfﬁéks‘undef ideél-conaitioﬁs would
be 30, This represents an increase of 5 to 6 trucks per shovel im
order to overcome the variability of the operations.

The production limit for two shovels Wag about 350 loads while
" for four shovels it is 725 loads. Slightly more than double production
may be obtained by the addition of éwo éhovels. To achieve this, how-
ever, the nuﬁber of trucks was almost trebled. A larger system. does

not automatically mean greater gains,

Comparison of Dispatchers

Figures 3'and 5-illustrate that the Simple Counter dispatcher
is not adequate when the system approaches a normal or overtrucked con-
dition. Since ﬁhg countér cannot determine the percent completion of
the truck being loaded or the expgcted travel time, it often dispatches
truéks to the wrong sho§él;‘ Tﬁis fesulté in leés efficiency than the
no dispatching mode of operation. Oniy when a system is severely under-
trucked should this method be considered.

Figure 4 shows characteristics of the Maximize Trucks and Maxi-
mize Shovels types of dispatching; When the system is undertrucked,
the dperatioﬁ of the trucks should be maximized to yield the most pro=

duction, With a greater number of trucks, it becomes more important to
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stress shovel utilization, Although Figure &4 serves to illustrate this
thé’results are not significant enough to confirm precisely where the

‘crossover point pccurs;

Of greater interest is the distribution of idle times for the
-vdifferent types ofvdispatching.' This isvshown in Figure 6 for the 6-
Vshovel'model.- The Simﬁlé Céunter ésSigns trucks to”the,mqst distant
shovel in the evené of é tie,. The'resulting'idie time for the nearer
shovels may be readily seen,

Conversely,:maximizing.truck production will-cause the near
shovels to be used more héavily. Hence, the rank of idlé times is're-
versed, Thesé distributioﬁs are more’pronouﬁced with fewer trucks,

Only the MaximizeVShoygl option fends to distribﬁté the idle
Atime'evenly across the shovels, Mine ﬁanagemeﬁt might make use of the
skewness of one of the dispatching types,‘but>in general it is consid-
ered more desiraBle to have éil shovels working ét*the same réte. The
Maximize Shovel type of dispatching~will;be considered in the follow—;

ing discussion,

Dis@atching Versﬁs Nondispatchiﬁg
It has been seen tha£ in geﬁéral the Maximize Shovel is prob-
ably the best overall criterion for dispétching. The success of this
techniqué will deﬁend upon thé number of trﬁcks in the system.
TaBle‘6'gives the percentage gain overAnondispatched conditions -
for all of ‘the shovel configurationsi In general; it may be concluded

that Maximize Shovel Dispatching with the Predicted Maintenance Option

s -
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Table 6,  Percent gained with maximize shovel dispatching with pre- .
dicted maintenance," : ,

Two Shovels -~

T ruauck s

I iz 13 14 5 16 i7 18

=
D
—
N
[
(o)}

% Gain 6.3 6,

N
w
.

™M

4,2 3.6

Four Shovels

Truck s

% 27 28 29 30 31 32 33

% Gain 84 8,7 84 6.8 6.5 59 58 5.2

Six Shovels

% Gain 6.1 7.8 7.0 6.8 6.4 6.2 5.5
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will'yieldiappréximately.a 5% increase in production. This is reduced

"if the system is approaching truck saturation,

Predicted Maintenance Option

The'u§e §f #he Predicted Maintenance Option does give increased
'production. A scan of the production tébles under columns of the same -
'type of dispatching shoﬁs that iq all -cases the use of this opﬁion in-
creases production.

An analysis of "the percent of increase may be obtained by éom—
paring the results of the 4~shovellmodel. As in other situations, there
"is no reason to suspect a uniform increase betwgen the number of trucks
‘or befween typeé of dispatchets, .

.Téﬁle:7 gives'tﬁe-ﬁefééntage incxeése when the Option is used.
The attempt to serve both trucks and shovels concurrently is not- as

great as hoped for, In general, less than a 2% gain is seeén,

Deterministic Versus Stoéhaétic'Simuiatioﬁ

In complex sysﬁemé if is often possible to use the expected
values for the stochastic variables and allow them to remain constant
in the simulation. This is kﬁown as deterministic simulation (Emshoff
1970).

This procedure is not feasible in the truck-shovel model be-
cause‘the components are foo interdepéendent. For exémple, in the éim;
vple Counter dispatching; some oscillation or rhythm might occur which
" would be damped out by the infroduction of variation, Thé effect of

the oscillation might be good or bad.



Table 7. Percent gained by predicted maintenance with four-shovel

configuration, -
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Number Type of dispatching
”'fo,
"trucks 7 I 11 ITI
26 3.9 1.3 - 1.7
27 1.8 1.9 2.1
28 2.7 1.4 2.?17
29 1.7 1.1 1.6
A3O 0.6 2.8 é.Z
31 1.5 2.3 L5
32 1.7 2.2 1.2
33 0.9. 2.6 2.1
Average 1,95

1,85

1,86




The Maximize Shovel dispaicher with the Predicted Maintggancé
Opfibn was used to compare deterﬁinistic and’stéchastic'simﬁlatioﬁs.:'
For the deterministic rumns, the 4-shovel qonfiguration'was used, - No
variation was allowed in the travgl times, load times; truék doﬁﬁltimes,
or delay times; As may bé seen By Table.8, the,sto@haétic model.pro—
» ducés about 96% of thé productioﬁ>6f:the deterministic mode1. Again,
the detrimental effect of the variation introduced into the-systeﬁ'is
seen. L
If the difference between these types of:simulatién were con-
sistent, deterministic'runs could be made and the output séaled accord-

'inglj{A This would reduce the number of runs required. It is not felt

that this is the case in this model.

Procedure for Statistical Analysis
A particular mine configurafibn might be énalyzed by a mulfiway
 ana1ysis of variénce. For a particulér configuration the number 6f
shovels would be fixed, but the number of down times should be allowed
fo vary., A reasonable range would be from 2 to 4 down times per shovel
per shift,

..The ﬁumber of trucks should be allowed to Vary by a range of at
least 2 trucks per -shovel, -The fréquency'of down times for each truck
might also be allowed to vary but this factor will be aésumed constant’
for this discussion,

A variety of travel times éhould be.inCOrporated into tﬁe"ex~
periment, - These.Should approximate long and short hauls . as well as

conditions favorable to dispatching and nondispatching.
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Table=8. Stochastic versus deterministic simulation,
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Number

Production °

of Stochastic’ " Deterministic Ratio
trucks B

26 | 592.5 . 617.0 - 96.03

i ]

27 - 598,7 621.0 96.41

28 614.2 ' 644, 0 95,37

29 620.7 6460 ' 96.08

30 1 630.2 , 656.0 96.07

31 6402 . 661.0 9. 85
32 648.0 » 677.0 95,72 .

33 662.2 . 688,0. 96,25
Average : 96,0975

a,

4 shovels, type III

dispatching with maintenance option. .
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The Maximize Shovel type of dispatching should be compared to
fheAnondispatching model. And finally, the dispatching would have to
be evaluated both with and without tﬁe Predicted Maintenance Optiom,

If a 4~shovel mine model1was eéperimented upon in this manner,
8 levels of trucks,'é ievels of down fimes, and 2 levels (yes or no)
féf tﬁé.factors of dispatch;ng and pfedicfed‘maintenaﬁce would be re-
quired. 'In.addition% the travel times and dispatéhing conditionslwould
" have fo;be é&aluated—for_atrleaét 2 levels.

To per%orm a- factorial analysis; the population distributions-
must be normal with equal variances. The distribution of loads hauled
&qes not appear -to be normal nor do the variances of the distfibutioné
appear to be equal. The éentral limit theorem would allow the mean of
tﬂé productioﬁ to. be tréated as a normal &ariate for large samplersizés.
The equality of variances is not critical so long‘as the sample size |
for each treatment is the same (Naylor, Wertz, and Wonnacott 1967).
Nevertheless; the time and expense inﬁoived'in-this appfoach would ge
excessive,

This’effort,may be.feduced by using Fractional Factorial Desigﬁ
(Johnson and - Leone 1964, Vol. 2). This technique assumes that the sig-
nificant factors cén.bé'detérmined by évaluating each factor:at its
uﬁper and lower level, For the trucks and number "of shovel down times,
a maximum and minimum ﬁﬁmberrwould be estdblished. ZLong and short
travel times would be incorporated and there woulavbe two 1evgls fér
the favorabilitybéf the travél times to disﬁafching.

.-Tq.simplify thé précédure, we cpuid!épplyithe Predictea Main-

tenance Option to both the nondispatched and the dispatched models.



48
In.summary, the factors and their levels are:
trucks (minimﬁm apd maximum number),
sﬁovel downs (minimum andlméximum number),
travel'timeé (1§ng and shortj, |
favorable ;o dispatching (yes and no),
predicted méinfénancé (yes and no),
dispatching (yes and no).
Tﬁus, there arek6 factors, each . at 2 levels, which is a 26 experimeﬁt.
- This requires 64 treat@en£s, each with mény replications to overcome
the normality and variance‘assumptions} A substantial reduction from
-the previous experiment has been obtained, but £he'effort is probably
still e#cessive.
This effort'may.be halved Ey.taking a balénéed fraction of the
64 treatments., This ”confounds”:bne‘of the interéctions.' That is,
some interaction isrdividéd among blocks so that it is not possibie,to
detefmine if an observed difference is due to one factor or another or
both. This results in ”aliaé—paifs” of interactioﬁs which cahnotibe
distinguished.
An example might help to clarify the situation at this point, .
where
N is the effect of the number of trucks,
S is the effect of shovel downs,
T is}the traVe1_time'effect,
F is the favorable to dispatéhing effect, | '
P is the effect of;predicted.maintenance, and'.

D is the effect of dispétching.
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Following the procedure of Johnson and Leone (1964, Vol, 2, p.

210),. the highest order interaction, NSTFPD, may be confounded, The

alias-pairs shown below would be determined, - "M ig the total effect.

of the entire experiment,

Effect

I

N

NS
NT
NF

NP

ND
ST
SF

SP

SD

. These alias-pairs determine which interactions cannot be separated in

this fractional experiment; for example, row 3 of the left side indi-

Alias

NSTFPD

STFPD
NTFPD
NSTBD
NSTPD

NSTFD

NSTFP

TFPD
SFPD

STPD

'STFD

STFP

'NFPD .

STPD

NTFD

NTFP

.. Effect

IF

TP

ID

-FP

FD -

PD

NST

‘NSF

NSP
NSD
NTF
NTP
NTD
STF
STP

STD

Alias
NSPD
NSfD
NSFP
NSTD
NSTP
NSTF
FPD
TPb'
TFD
TFP
'sPD
* SFD
SFP
NPD
NFD

NFP

cates that the effect of S (shovel downs) cannot be isolated from NTFPD

(interaction of 5 factors).
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- When the alias-pairs are known{ fhe‘principai block can bg gen—
erated as described berohnsén7and Leone (1964, Vol. 2, p. 193). Gen-
eréting the blocks in this manner afoids.having'the»blocks confounded
With.the main factor;;. Thé elementé of thé principal bloék fér this
expériment afe shown below, Each 1cﬁer case:lettef refers to the appii~
cétioﬁ of the High 1ével of treafment for £he correéponding‘capital
letter (i.e., t represents a treatment with the maximum level of-
trucks), The absence of a letter indicatesvtreatment at a low level,

A 1 represents all low level treatments,

1 | nstfpd ‘ sp : ntfd

ns | tfpd | V sd ntfp
nt '~-.sfpd ctf _ .-'.nspd
nf stpd ' - tp : nsfd
np A stfd ' : td nsfp
nd ,.' stfp : fp nstd
st A nfpd N o f£d A, nstp
sf stpd - - : pd . nstf

The results from these treatments could then be analyzed by
Yates technique., . If further reductioné are requiréd,~this‘pr0cedure
may be ektended to one~fourth replications or smaller 277 replications,

However, the amount of confounding increases with each reduction.



N S .~ CHAPTER 5
- EXTENSIONS AND CONCLUSIONS

The éffect'of dispatcbing trucks-iq.an open pit mine has been
‘explored in this thesis, The éﬁrﬁose WaS'fb'gain a general evaluation
of the feasibility of implementing,dispatching under a §ariety of con-
ditions, The needs of a mine are‘exactly the opposite. 4They rieed a
spécific evaluation for their unique Qﬁeratioﬁ; Additional study

should be directed toward an actual operation,

Variability is a Detriment

Comparison of the detefministic andrstochasticfsimulations, and
comparison of the use and lack of use of the Predicted_Maintenancé Op-
tion indicates that variability in a truck-shovel system reduces pro-
duction, - Dispatching helps to reduce this variability.

This conclusion suggests that the mines should be more con-
cerned abouﬁ the variability of their operations, = Work should be done
to gompéfe the operation of a mine under conditions of‘morerand less
variability; A factor that adds.fo Variability ié the ﬁse éﬁ mixed
fleets and different shovels, Future models should incorporate this
feature,

Other means of reducing variability should be explored by mine.
management, This is;éuéported in part by White (1972) when he suggests
that big trpcks,are needed if only to feduceithe tfaffié'jam at-the

51
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shovels.. On the other hand, the smaller the truck the 1éss‘¢ffectait
~has on the production when it is down. Kress (1971) indicates that

side dumping trucks might increase production as much as 5%,

implementation,of Dispatching -

In Chapter 2 it was established that.ahy type of_dispatching

7 moéel'should.bé_able-to_be'implemented by-a smal14computér or by a
hﬁman_obéerver;' The Simple Counter dispatcher would be the easigsﬁ to
implement by a computer but this fechnique did not prové_entirely
satisfactory, '

The human'mind is probabiy the most caﬁable-in evaluating the - -
next idle shovéllin a system; A computef could be programmed to cén—
‘sidér ioad'tiﬁes‘ana fravelitiméSfand make:décisionsbécéordiﬁg-to'a~set
of rules, Often it might make a better dispatching decision fhan a
 human mind. But mbre often the human mind would have a'more complefe
picture of the situation plus the ability to anticipate events, This
would be too difficult to program into a computer, ‘Further, the feed-
back andrcorrectioﬁ procedures.are far easier with a human being than
with a computer, If dispatching is to be implemented; I feel that
human capébiliﬁies reign over the computer, |

ideall&, the dispatcher would need to see all of the dumps,

. rdads, and shpvels"in the mine, This:islseldom possible, In fact, it
is.ofteh'difficult"to have a line of sigﬁﬁ-to all of the shovels at.
once, The best solution would depend upon the iﬂdiVidual mine, but it

-might bé satisfied by an observing station on tﬁe side of the pitgop~

posite the roads or by remote TV cameras,  Communications could be
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established by the use of numbered trucks for identification and by the

" use of radios which are already utilized in some mines,

Cost Analysié

The optimal number of trUcké and the bénefité of aispatching
should be determined on a cost basis for a specif?c mine; This canmnot
be done on»a:general basis because of.the discrepancy iﬁ cost of the
'equiément, Néverthéless, some. general evaluatgons will be made.

The best dispatching technique with»the Predicted'Maintenance
Option increased production by about 5%, ThevMaiﬁtenange Option alone
accounté for almost a 2%.gain;' Thus, if the Variébility:of the mine is
»similgr tp‘that given in the.model, dispatching alqne may increase pro-
ducﬁiéﬁ Bj 2 to 3%, | |

With a fleet of 40 to 50 trucks,‘it may be possible to save one
or more trucks,  If it is - assumed that’én equal or greater amount of -
production may be obtained with dispatching using one less tfuck; then
the cost bf dispatching may be compéred to the éost of an additional
truck,

The operating cost éf a typical truck is $15;OO to $20.00 per
hour (Nadzam and'Beebdwer 1971, E/MJ 1969, Bishop 1968). This cost in-
_ cludes labor, tires, maintenance, and deprecie‘xtion° Since dispatching
increaseé,truck use; tire wear and maintenance would increase somewhat.
The cdst of - labor plus the remainiﬁg savings wouid pfobébly be suffi—
cient to ﬁay the wages of the dispatcher, - But this is close to the
break-even point, Depreéiation saﬁings cannot né¢essafily be inglﬁded*

because the dispatching system must be paid for.
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‘The implementation cost of é dispatghing systém may Be compared

to the purchase price of a trﬁck; New £rucké éost-from approximately
$80,000,00 for the sﬁaller sizes up to $500,0C0.00 or ﬁére for the 200-
 ton capacity trucks (Whi£e 1972). This should be more than sufficient -

‘to implement and sustain a dispatching operation.

'Final Remarks

Dispatching ﬁas.been éxgﬁined and found to be capable of in-
creasing mine production in general situations. The benefits gained;
however, are not substantial enéugh to ensure implementation‘of this
procedure under all conditions. Each mine must be evaluétéd under its
own unique circumstances.

:Vafiébility of the operations seemé to be the largest cause of
lost pr&duction. Quite poésibly the mines can derive a greater benefit
By controlling variability in a manner other than dispatching, Any .
such alternatives should be explored, .

Simulation has been seen to be a powerful tool in the analysis
of complex problems.. Simulation will notAsolve problems nor make deci~ -
sions, It'merely produces data that say in effect: If the decision is
made to 6perate as the médel.indi;éteé, then the ﬁroduction and operat-

!

ing data are estimated to be that produced by the simulation,



APPENDIX

COMPUTER TRUCK~-SHOVEL PROGRAM
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PROGRAM TRUCKS
p! ( INPUT, OUTPUT, TAPES5=INPUT, TAPEG=OUTPUT )

PROGRAM TO SIMULATE DISPATCHING TECHNIQUES
IN AN OPEN PIT MINE.

MAIN PROGRAM ESTABLISHES PARAMETERS AND READS
A MINE CONFIGURATION. CONTROL IS THEM PASSED
TO ROUTINE SHIFT TO SIMULATE A DAYS QPERATION,

THE KEY VARIABLES AND ARRAYS ARE DESCRIBED BELOW.
ARRAY ITEMS CONTAINS MISCELLANEOUS VARIABLES

THAT ARE USED THROUGHOUT THL PROGRAM. THE
VARIABLES STORED ANDO THESIR LOCATIONS AREZ AS

FOLLOWS.

1 = 1IN INPUT FILE

2 = IouT OUTPUT FILE

3 = NSHVL NUMBER OF SHOVELS

7?7 = 1DSPH TYPE OF OISPATCHER

8 = INITR INITIAL RANDOM NUMBER

9 = I08UGL MINIMUM DERUG TIMEZ

10 = 1DBUG2 MAXIMUM DEBUG TIMc

11 = ISHFT CURRENT SHIFT NUM3ER
12 = NTRCKS CURRENT NUMBER OF TRUCKS
13 = LoCc POINTER TO LOCATION IN NEXTE
14 = JTRCK CURRENT TRUCK
15 = NOWT . CURRENT TIHE
16 = ISPACE TAILGATING PARAMETER
17 = IQUIT END OF SHIFT TIME

18 = 1SPOT SPOT TIME
19 = IDUMP DUMP TIME
21 = ISHWING SECONBS IN SHOVEL SWING
22 = 1ISD2 VARIABLE 21 /7 2
23 = IPM PREDICTEU MAINTENANCE INDICATOR
24 = IHSO SHOVEL DOWN INDICATOR
25 = 1IBS FIRST SHIFT NUMBER
26 = IES LAST SHIFT NUMBER
27 = JSHFT SHIFT COUNTER

INFOS IS THE SHOVEL INFORMATION ARRAY,

NTIME IS THE NEXT EVENT ARRAY,

NOODES DEFINES THE HAUL ROUTES,

MOVE GIVES THE NEXT LOCATION AFTER AN EVENT,
TRVL GIVES THE TRAVEL TIMES IN MINUTcS.

RANDS STORES THE RANDOM NUMBER FOR THZ SHOVELS.
HEAD IS THE HEADING.

TADD IS THE HANDICAP ASSIGNMENT OF TRUCKS.
IASSGN IS THE PRELIMINARY ASSIGNMENT OF TRUCKS,
INFOUT IS THE INFORMATION QUT ARRAY,
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COMMON / ALPHA 7/

1 INFOT(14,60), INFOS(26,6), NTIME(60,3), NODES(15),
2 MOVE(15), TRVL(15,15), RANDS(6), ITEMS(4D),

3 HEAD(7), TADD(B), IASSGN(2,6), INFOUT(51,9)

EQUIVALENCE
i (INyITEMS(1)), (IOUT,ITEMS(2)),y (NSHVL,ITEMS(3))

ITEMS(1) = &

ITEMS(2) 6
ITEMS(16) = 10
ITEMS(17) = 27000
ITEMS(18) = 40
ITEMS(19) = 60
ITEMS(20) = 12090
ITEMS(21) = 30
ITEMS(22) = 15

READ IN NNOE-TO~NODE CONFIGURATIGN
AND TRAVEL TIMES

CONTINUE

Do 112 U=1,15
MOVE(J) = 9989
DO 102 I=1,15

TRVL(I,J) = 9,99

CONTINUE

READ (IN,901) NSHVL, HEAD

IF ( NSHVL .£Q. 0 ) GO T0 900
READ (IN,932) I, J

IF (I LEQ. G ) G0 T0 120
MOVE(I) = J

GO TO 115

CONTINUE

READ ( IN, 903 ) I, Jy TIME
IF (I .EQ, 0 ) GO TO 130
TRVL(I,J) = TIME

GO TO 120

CONTINUE

CALL SHIFTY

GO TO 100

SToP

FORMAT ( I1, 9X, 7A10 )
FORMAT ( I2, 1X, I2 )
FORMAT ( 2{1241X), F6.2 )
END
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SUBROUTINE SHIFT

ROUTINE TO READ A RUN REQUEST CARD AND SIMULATE
THE REQUIRED NUMBER OF SHIFTS,

COMMON 7/ ALPHA /

1 INFOT(14,60), INFOS(26,6), NTIME(6(,3), NODES(15),

2 MOVE(45), TRVL(15,15), RANDS(6), ITEMS(40),
3 HEAD(7), IADD(6), IASSGN(2,6), INFOUT(51,9)

EQUIVALENCE
(INy,ITEMS(1)),(IOUT,ITEMS(2)), (ISHFT,ITEMS(11)),
(NTRCKS,ITEMS(12)),y (NOWT,ITEMS(15)),

( IBS,ITEMS(25)), ( IES,ITEMS(26)),
(JTRCK,ITEMS (14) ), (JSHFT,ITEMS(27))

1T £ W+

READ RUN REQUEST CARD
NTMIN = MINIMUM NUMBER OF TRUCKS
NTMAX = MAXIMUM NUMBER OF TRUCKS
NSTEP STEP SIZ& FOR TRUCK DO LOOP
REMAINING VARIASLES ARE AS DEFINED FOR ITEMS

CONTINUE
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(INITR,ITEMS(8)),( IPM,ITEMS(23)), (IDSPH,ITEMS(7)),

READ ( IN,901) NTMIN, NTMAX, NSTcP, 18BS, IES, IDSPH,

1 IPM, Ti, T2, INITR

IF ( NTMIN (€Q. 0 ) GO TO 9430
ITEMS(G) = T1 * 60,

ITEMS(10) = T2 * 60,

WRITE (IOUT, 99309)

DO 832 NTRCKS = NTMIN, NTMAX, NSTEP
No 102 I=1,51

Do 102 J=1,9

INFOUT(I,J) =0

JSHFT = 0

DO 822 ISHFT = IBS, IES

CALL RESET

CALL NEXTE TO DETERMINE THE NEXT EVENT,
JTRCK IDENTIFIES THE TRUCK.
IF JUTRCK = 99, END OF SHIFT

98, SHOVEL ENDS BREAKDOHWN

TEVNT GIVES NODZ WHERE EVENT OCCURS
= 1 TO 6 FOR SHOVELS

= 7 FOR DISPATCHER

= 8 FOR DUMP AND MAINTENANCE

9 TO 15 FOR IMTERSECTIOUN
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129

124

125

770

780
822
832
809

g01
R

CONTINUE

CALL NEXTEC 2,
NOWT = ITIME

IF ( UTRCK +EQ.
IF ( JTRCK .E£0Q.

ITIME, JTRCK )

JEVNT = INFOT(3,JTRCK)

IF  IEVNT LT,

CALL ATNODE
GO 70 110

CONTINUE
IF ( IEVNT +GE.

CALL SHOVEL
GO TOo 110

IF ( IEVNT .EQ.
CALL OSPTCH
GO TO 110

CALL DUMPLD
GO T0 14190

CONTINUE
CALL UPSHVL
GO TO 110

CONTINUE
CALL OUTSHF

CONTINUE
CONTINUE
GO 70 190
RETURN

99 ) GO TO 780
98 ) GO TO 77¢
S ) GO 70O 120
7)) GO T0 124
8 ) GO 70 125

FORMAT ( 2(I2,1X),

FORMAT ( 1H1 )
END

2(I1,1X)y I2y 1X, 2(I1,41X)
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SUBROUTINE RESET

THIS ROUTINE HANOLES THE INITIALIZATION
FOR EACH SHIFT,

COMMON 7/ ALPHA 7/ :
INFOT(14,460), INFOS(26,6), NTIMZ(60,3), NODES(15),
MOVE (15), TRVL (15,15}, RANDS(6), ITEMS(40),
HEAD(7), IADD(6)y IASSGN(2,6), INFOUT(51,9)

EQUIVALENCE
(ISHFT,ITEMS(11)), (LOCE,ITEMS(13)), (IN,ITEMS(1)),
(NTRCKS,ITEMS (12)), (TOUT,ITEMS(2)),
(INITRSITEMS(B)), (NSHVL, ITEMS(3)),
(IDSPH, ITEMS(7)), (IHSD, ITcMS(24)),
(IQUIT, TITEMS(17))

ESTABLISH INITIAL RANDOM NUMBER FOR EACH SHOVEL
SO THAT THE VARIOUS OISPATCHING TECHNIQUES

MAY BE REPEATED UNDER IDENTICAL LOAD TIMES.
EACH SHIFT WITHIN EACH TRUCK-SHOVEL SET IS
DIFFERENT,

NSET = ISHFT * 140

X = RANF(INITR)

DO 102 I=1,NSET

X = RANF{0.0)

DO 112 T=1,6
RANDS(I) = RANF(0,0)

ZERO OUT TIMES AND DATA ACCUMULATORS

IHSD = -98999
DO 122 I=1,15
NODES(I) = ¢
DO 132 I=1,61
INFOT(1,T1)
INFOT(2,1)
INFOT (3, 1I)
INFOT(10,1I) = O
CONTINUE

DO 152 J=1,6

DO 142 I=1,9
INFOS(I,J) = 0
INFOS(14,J) = 15
INFOS(18,J) = =1
CONTINUE

0
0
8

ADD ()

ESTARLISH ARRAY NTIME

NTIME(1,1) = 2
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172
182
199

192

262
272
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NTIME(1,2) = -999999
NTIME(1,3) =0
NTIME(2,1) = 9993999
NTIME(2,2) = 9993899
NTIME(2,3) = 99

LOCE = 3
DO 162 I=3,60
NTIME(I,1) = 0

ESTABLISH TRUCK ASSIGNMENT IF NO
DISPATCHER IS TO BZ USED.

IF  IDSPH .NE. 0 ) GO TO 199
DO 182 I=1,N3SHVL

DO 172 J=I,NTRCKSy NSHVL
INFOT(9,J) = 1

CONTINUE

CONTINUE

CONTINUE

00 182 I=1,NTRCKS

INFOT(7,I) = 1

INFOT(8,I) = &

ENTER TPUCKS IN NEXT EVENT ARRAY

CONT INUE
DO 2%2 I=1,NTRCKS
CALL NEXTE ( 1, 9y T

ARBITRARILY ESTABLISH DOWN TIMc FOR SHOVELS
AND TRUCKS. TOENTICAL FOR ALL SHIFTS.

DO 272 J=1,6
INFOS(14,J) = 15
DO 262 T=15,26
INFOS(I,J) = 939999

CONTINUE

CONTINUE

FEND = IQUIT
INFOS(15,1) = 135 * 60
INFOS(17,1) = 225 * 60
INFOS(15,2) = 315 * 60
INFOS(17,2) = 405 * 60
INFOS(15,3) = 195 * 60
INFOS(17,3) = 285 * 60
INFOS(15,4) = 165 * 60
INFOS(17,4) = 375 * 60
INFOS(15,5) = 255 * &
INFOS(17,5) = 345 * 6¢C
INFOS(15,46) = 105 * 690
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INFOS(17,6) = 435 * 60

INFOS(16,4,1) = 22.0 * 60.0
INFOS(18,1) = 18,0 * 60,0
INFOS(16,2) = 24,0 * 60,0
INFOS(184,2) = 21.5 * 63,0
INFOS(1643) = 27.0 * 60.0
INFOS(18,3) = 1640 * 60.0
INFOS(iB,“) = 22.6 ¥ 60,0
INFOS(1844) = 30.0 * 6J.0
INFOS(iG,S) = 2045 ¥ 60.0
INFOS(iB,S) = 17.2 * &0.0
INFOS(1646) = 25.0 * 6d.0
INFOS(1846) = 24,0 * 63,0

RANF (6947027893)

X =

DO 312 T=1,610

INFOT(4,1I) = RAMF(D040) * FEND
INFOT(B,1I) = REXPN( 22.0 ) * 60.0
INFOT(11,1I) = RANF(0.0) = FEND
INFOT(12,1I) = REXPN ( 3.0 ) * BJ.0
INFOT(13,1) = RANF(0.0) * FEND
INFOT(14,1I) = REXPN(C 3,0 ) * 6(C.C
CONTINUE

RETURN

END

SUBROUTINE ATNODE

ROUTINE TO ADVANCE TRUCKS FROM ONE NODE TO THZ NEXT
TRUCK HAS ARRIVED AT THE NODE DESIGNATED IN ROKW 3.

COMMON 7/ ALPHA /
1 INFOT(14,60),
2 MOVE(15), TRVL(15,15),
3 HEAD(7), IADD(6)y IASSGN(2,6),

INFOS(26,46) 4y NTIME(ED,3), NODES(15),
RANDS(6), ITEMS(4]),
INFOUT(51,9)

ENUIVALENCE

1 (JTRCKyITEMS(14)), (ISPACE,ITEMS(16)),
2 (IOUT,ITEMS(2)),y, (NOWT,ITEMS(15)),

3 (IOBUGL1,ITEMS(9)), (IDBUG2,ITEMS(10))

CHECK AGAINST TAILGATING

LOC = INFOT(3,4JTRCK)
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IF ( NOWT .LT. ISPACE+NODES(LGC))
NOWT = ISPACE + NODES(LOC)
NODES (LOC) = NONWT

NXTLOC = MOVE(LOC)

TIME = TRVL{LOC,NXTLOC)

NTRVL = NRML( TIME, TIME*u.15, 1.0, ked )
NEXT = NOKWT + NTRVL

INFOT(3,JTRCK) = NXTLOC

CALL NEXTE ( 1, NEXT, JTRCK )
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IF ( NOWT +LT. IOBUGL +OR. NOWT .GT. IDBUG2 ) RETURN
WRITE (IQUT, 901) NOWT, JTRCK,y NEXT, LOC, NXTLOC,TIME

FORMAT ( 10X, *ATNODEZ* 57110, F10.2 )
RETURN
END

SUBROUTINE DUMPLD

TRUCK HAS ARRIVED AT DUMP, UNLOAD, CHECK FOR
HAINTENANGCE, AND SEND IT TO THc DISPATCHER.

COMMON / ALPHA /
INFOT (14460), INFOS(2646), NTIMZ(EN,3), NODES(15),
MOVE(15), TRVL{15,15), RANDS(6), ITEMS(40),
HEAD(7), IAOD(6Y, IASSGN(2,6), INFOUT(51,9)

EQUIVALENCE
(IOUT,ITEMS(2)),y (JTRCK,ITEMS(14)),
(NOWT, ITEMS(15)), (IUUMP,ITEMS(19)),
(IDBUGL,ITEMS(9)), (IDBUGZ,ITEMS(10)),
(ISPACE,ITEMS(16))

AVOID DUMP TIME IF START OF SHIFT

NRDY = 0

IF ( INFOT(1,JTRCK) .EQ. 0 ) GO TC 400
NROY = NOWT + IDUMP

IF ( NRDY LT, INFOT(4,JTRCK) ) GO TO 300

TRUCK BREAKDOWN

NRDY = NRDY 4+ INFOT (5, JTRCK)
INFOT (4, JTRCK) = 99849

NEXT = NRDY - IDUMP

CALL NEXTE ( 1, NEXT, JTRCK )
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IFLAG = 777777
GO TO 9040

CHECK FOR DUMP SLOWDOHWM

IF ( NRDY .LT. INFOT(11,JTRCK) ) GO TO 350
NRDY = NRDY + INFOT(12,JTRCK)

INFOT (11, JTRCK) = 99993

GO 70 4090

IF ( NRDY .LT. INFOT(13,JTRCK) ) GO TO 440
NRDY = NRDY + INFOT(14,JTRCK)

INFOT (13, JTRCK) = 99999

TO DISPATCHER

CONTINUE
TIME = TRVLC 8, 7 )
ITRVL = NPML ( TIMZ, TIME®*0.20y 1.6y 4o0 )
NEXT = NRDY + ITRVL
IF ( NEXT .LTe. NODES(7) + ISPACE )
NEXT = NODeS(7) + ISPACE
NOBES(7) = NEXT
INFOT(3,JTRCK) = 7
IFLAG = 0
CALL NEXTE € 1y, NEXTy JTRCK )

CONTINUE

IF ( NOWT ,LT. IDBUGL +ORe NOWT +GT. I0BUGZ2 )PETURN
HRITE ( IOUT, 987 ) NOWTy JTRCKs NEXT, IFLAG
FORMAT ( 10X, ¥DUMPLD*, 4YI10 )

RETURN

END

SUBROUTINE 0OSPTCH

ROUTINE TO DISPATCH TRUCK TO PROPER SHOVEL -
ACCORDING TO REQUESTED CRITERIA,

IDSPH FOR ARBITRARY ASSIGNHMENT
FOR SIMPLe COUNTER

FOR MAXIMIZE TRUCKS

FOR MAXIMIZE SHOVELS

woH oo
WMo

COMHON 7/ ALPHA /
INFOT (14,60), INFOS(2646), NTIME(60,3)y NODES(15),
MOVE (15), TRVL(15,15), RANDS(H), ITEMS(4D),
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HEAD(7), IADD(6), IASSGN(2,6), INFOUT(51,9)

EQUIVALENCE
(TOUT,H,ITEMS(2)), (JTRCKHyITEMS (14)),y (NONTHITEMS(15)),
(LKAHD,y ITEMS(20)), (IDSPH,ITEMS(7)),
(ID3UG1,ITEMS(9)), (IDBUG2,ITEMS(1()),

(ISPACE,y TITEMS(16)), (ISWING, ITEMS(21)),
(IHSD, ITEMS(24)Y}, ( ISPOT, ITEMS(18)),
(NSHVL,ITEMS(3))y (IQUIT,ITEMS(17)),

¢ IPH, ITEMS(23))

100 CONTTNUE

1099

1ca0

1160

NPASS = INFOT(8,JTRCK)
IF ( IOSPH «GT. 0 ) GO 70 1630

ARBITRARY ASSIGNMENT

NXTS = INFOT(9,JTRCK)
GO TO 8500

IF PREDICTED MAINTENANCE, CHEZCK FOR
TRUCK REPAIR WITHIN HALF HOUR OF SHOVEL DOWN,

CONTINUE
IF ( IPM JEQ. 0 ) GO TO 1uSD
IF ( INFOT(4,JTRCK) +GT. IHSD+184¢ ) GO TO 1¢90

NEXT = NOKY + INFOT(5,JTRCK)
NXTS = 777777

CALL MEXTE (1, NEXT, JTRCK )
INFOT (43 JTRCK) = 99000

GO TO 38800

DETERMINE TYPE OF ODISPATCHING

CONTINUE
G6 7vO0 ( 1100, 2000, 3000 ), IDSPH

SIMPLE COUNTER

CONTINUE

NMIN = 89

DO 1102 TI=1,NSHVL

IF ( INFOS(7,I) .EQs 1) GO TO 1102

IF ( NMIN JLZ. INFOS(10,I)) GO TOo 1102
NMIN = INFOS(14,I)

NXTS = I

CONTINUE

GO TO 8500

DETERMINE NEXT EXPECTED 1DLE SHOVEL
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CONTINUE
NMIN = 999389
DO 2012 TI=1,NSHVL

IF ( INFOS(7,1I) +EQ. 1) GO TO 2012

IF ( NMIN JLE., INFOS(5,1I) ) GO TO 2012
NMIN = INFO0S(5,1)

NXTS = 1

CONTINUE

GO TO 8500

DETERMINE EXPECTED EARLIEST LOAD LOCATION

CONTINUE

NMIN = 999399

DO 3012 I=1,4NSHVL

IF € INFOS(7,I) +EQ. 1) GO TO 3012
ITRAV = TRVL(7,I) * 60.0

ITRAV = ITRAV + (ISRING=-ISPOT)

JEXARLD = NOWT + ITRAV

IF ( IEXBLD «LT. INFOS(5,I) ) IEXBLD = INFOS(5,1)
IF ( NMIN JL&e. LEXBLD ) GO TO 3012

NMIN = IEXBLD

NXYS = T

CONTINUE

SEND THE TRUCK TO THE SHOVEL IF NOT QUITTING TIME

CONTINUE

TIME = TRVL( 7,NXTS )

ITT = TIME * 6049

ITT = ITT + (ISWING-ISPOT)

JEXBLD = NOWT + ITT

IF ( IEXBLD «LT. INFOS(5,NXTS) ) IEXBLD=INFOS(5,NXTS)

TAHD = LKAHU - 30 * (NXTS-1)
ICHKQ = IEX8BLD
IF ( IOSPH LEQ. 0 ) ICHKGQ = ICHKQ + 330
IF ( IDSPH +EQe. 1 ) ICHKQ = INFOS(1U,NXTS)*120 + NOWT
IF ( ICHKQ + IAHD .GE. IQUIT ) GO TO 8700
ITRVL = NRML ( TIMEZ, TIME * .15y 140y 4.0 )
NEXT = NOWT + ITRVL
IF ( NEXT +LTe NODES(NXTS) + ISPACE)

NEXT = NODES(NXTS)Y + ISPACE
NODES (NXTS) = NEXT
INFOS(5,NXTS) = IEXBLD + NPASS*ISHING
INFOS(10,NXTS) INFOS (13 ,NXTS) + 1

INFOT(34JTRCK) NXTS
CALL NEXTE ( 1, NEXT, JTRCK )
GO TO 388040

TIME TO CALL IT A DAY
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CONTINUE

NE X
CAL

CON
IF

T = 99000
L NEXTE{1,NEXT,99)

TINUE

{ NOWT .LT, IDBUG1 .OR, NOWT .GT. IDBUGZ2 ) RETURN

WRITE ( IOUT, 9881) NOWT, JTRCX, NEXT, NXTS, ITRVL
FORMAT ( 10X, *DSPTCH¥*, SI1( )
RETURN
END
4
SUBRCUTINE SHOVEL

COM
I
M

ROUTINE TO PROCESS LOADING OF A TRUCK
ONCE IT HAS ARRIVED AT THe SHOVEL.,

MON / ALPHA /
NFOT (L14460u)y INFOS(26,6), NTIME(B3,3)y NODES(15),
OVE(15), TRVL(15,15), RANDS(6), ITEMS(40),

HeEAD(7), TIADD(B), TASSGH(2,6), INFOUT(51,9)

EQU

JSH
IRD
IWA

IF

IF

IVALENCE

(JTRCK, ITEMS(14)), (NOWT,ITEMS(15)),
(IOUT,ITEMS(2)), (IDBUG1,ITEMS(Q)),
(NOWT, ITEMS{15)), (ISWING, ITEMS(21)),
(IHSD,ITEMS(24)), (ISD2, ITEMS(22)),
(ISPOT,ITEMS(18)), (IDBUG2,ITEMS10)),
(IPM,ITEMS(23))

VL = INFOT(3,JTRCK)
Y = INFOS(69JSHVL)
IT = NOWT + ISPOT = (IRDY+15)

IS SHOVEL DOWN

( INFOS(7,JSHVL) .E0. 1 +AND. IPM +EN. 0 )
GO TO 7079
¢ INFOT(10,JTRCK) «NE. 0 ) IWAIT = IWAIT - 20

TRUCK SHOULD ARRIVE AND Bc IN POSTTION(SPOTTED)
AS 172 OF SHOVEL SWING IS COMPLETED,
INATIT IS SHOVEL WAIT TIME.

100 IF ( IWAIT) 110, 110, 115
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TRUCK WAS EARLY,

TIME IF NOT

110 CONTINUE

IF ¢ INFOT (1,JTRCK)
1 INFOT (2,4 JTRCK)
INFOT (10, JTRCK)

LOBGN = IRDY
GO TO 120

TRUCK WAS LATE.

68

ADD TO TRUCK IOLE
THE FIRST LOAD FOR THE TRUCK.,

«GE. 1)
INFOT(2,JTFCK) - IWAIT + INFOT(10,

=0

ADD TO SHOveL IDLE TIME IF

NOT FIRST LOAD FOR THZ SHOVEL.,

115 CONTINUE

IF ( INFOS(1,JSHVL) .GE. 1)
1 INFOS(2,JSHVL) = INFOS(2,JSHVL) + IWAIT
LOAGN = NOWT + ISPOT - ISD2

LOAD THE TRUCK AND SEND IT ON ITS KAY,

120 CONTINUE
RLAST =
LOADT = NRML (
RANDS {USHVYL) =
NRDY = LDABGN +
NXTLOC =
TIME =
ITRVL =
NEXT =
INFOT (3, JTRCK)
INFOT(1,JTRCK)
INFOS (1 ,4JSHVL)
INFOS{1064JSHVL)
CALL NEXTE (

NRHML

NROY + ITRVL =

1,

RANDS (JSHVL)

2-0, 0.39
RANF (-9, 0)
LOADT

1.0, 3.0 )

MOVE (JSHVL)
TRVLC JSHVL,

NXTLOC)

TIMC*U.15,
IS02
NXTLGC
INFOT(1,JTRCK) + 1
INFOS(1,JSHVL) + 1

= INFOS(1G4JSHVL) - 1

NEXT, JTRCK )

TIME, 1.Cy 4e0 )

T ]]

IS IT SHOVEL BREAKDOWN TIME.

CHECK FOR DOWN TIME BEFORE REQDY WITH NO PREDICTIED
MAINTENANCE =<0R-~- DOWN TIME WITHIN 6 MINUTES OF
READY AND PREDICTED MAINTENANCCc.

LOOK = INFOS(14,JSHVL)
IF ( INFOS(LOOK,JSHVL) .GT. NRDY .OR. IPM .EQ. 1 ) GO
1 GO 70 127
INFOS(74,JSHVL) = 1
GO Y0 128

127 IF ( INFOS(LOOKyJSHVL) .GT, NRDY+360 .OR,
i IPH .EQ. 0 ) GO TO 130
IHSO = NROY
INFOS(7,JSHVL) = 1
IF ( INFOS(13,JSHVL) «NE. 0 ) GO TO 130
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NRDY = NROY + INFOS(LOOK+1,JSHVL) - 360
GO YO 129
128 CONTINUE
NRDY = NRDY + INFOS{LOOK+1,JSHVL)
129 INFOS(1L4,JSHVL) = LOOK + 2
CALL NEXTE ( 1, NRDY, 98 )
139 INFOS(6,JSHVL) = NROY

DISPATCHING INFORMATION

INFOS(5,JSHVL) = INFOS(5,JSHVL) + (LOADT - 12C )
GO TO 8940

SHOVEL IS DOWN,.

REASSIGN TRUCK ARRIVAL TIME AS SHOVEL

READY TIME AND STORZ DELAY IN ROW 103 OF TRUCK INFO.
DELAY TIME IS TIME UNTIL SHOVEL

IS READY AND INCLUCCS SPOT TIME,

7063 CONTINUE
NXTLOC = 98
CALL NEXTE (4, IRDY, JTRCK )
INFOT(10,JTRCK) = (-IWALIT) - ISD2

890 CONYINUE
IF ( NOWT ,LT. IDBUGL .OR, NOWT .GT. I0BUGZ2 ) RETURN
WRITE ( IOUT, 983 ) NOWT,y JTRCK, NEXT, NXTLOC, JSHVL,
1 IRDY, IWAIT, NRDY
J = JSHVL
WRITE (IOUT, 981) INFOS(1,J), INFOS(2,J), INFOS(5,J),
1 INFOS(69J)y INFOS(74J)y INFOS(10,4J), INFOS(1i&4J),
2 ( INFOT(I,JTRCK)Yy I=1,3)
980 FORMAT ( 10X, *SHOVEL*, 8I10 )
981 FORMAT ( 16X, 1uIi0 )
RETURN
END

SUBROUTINE NEXTE ( IACT, ITIME, IEVNT )
ROUTINE TO UPDATE NEXT EVENT TIME TABLE

IACT = 1 FOR ADO AN EVENT
2 FOR DETERMINE NEXT EVENT AND DELETE IT

COLUMNS OF NTIMZI CONTAIN..
1 = POINTERS
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COMMON / ALPHA /
1 INFOT(14,60),
2 MOVE(15),

INFOS(26,46), NTIME(60,3),
TRVL(15,15), RANDS(5),

NODES (15),
ITEMS(40),

3 HEAD(7), IADD(6), IASSGN(2,6), INFOUT(51,9)
EQUIVALENCE
1 (LOCE, ITEMS(13))

IF ( TACT LEQ. 2 ) GO TO 500

toc =1

CONTINUE

LOCO = LOC

LOC = NTIME(LOC,1)

IF ( ITIME .GE. NTIME(LOG,2) ) GO TO 14¢

ADD AN EVENT

IF ( LOCE «NE. 0 ) GO TO 150

DO 112 1=3,60

IF ¢ NTIME(I,1) «GT«. 0 ) 60 T0 112
LOCE = I

GO TO 150

CONTINUE

CALL ERROR ( 101 )

CONTINUE

NTIME(LOCO,1) = LOCE

NTIME(LOCE,1) = LOC

NTIME(LOCE,2) = ITIME

NTIME(LOCE,3) = IEVNT

LOCE = 0

RETURN

FIND NEXT EVENT ANO DELETC

CONTINUE

LOC = NTIME(1,1)
NTIMEZ (1,1)
ITIME
IEVNT
LOCE = LOC
NTIME(LOC,1)
RETURN

END

=0

= NTIME(LOC,1)
NTIME (LOC,y2)
NTIME(LOC, 3)
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SUBROUTINE UPSHVL

ROUTINE TO CHANGE DOWN SHOVEL INDICATOR WHEN
SHOVEL HAS BE&N REPAIRED,.

COMMON / ALPHA /
INFOT(14,60), INFOS(2646), NTIME(60,3)y NODES(15),
MOVE(15), TRVL(15,15), RANDS(5), ITEMS(40),
HEAD(7), IADD(6), IASSGN(2,46), INFOUT(51,9)
EQUTVALENCE
{ NOWT, ITEMS(15)), (NSHVL,ITEMS(3)),
(IPM, ITEMS(23)), (IHSD,ITEMS(24))

00 12 I=4,NSHVL

IF ( INFOS(6,T) «NE. NOWT ) GO TO 12
IF ( INFOS(7,I) .EQ. 0 ) 60 T0 12
INFOS(7,1I} = 0

LOC = INFOS(1L4,I) - ¢

INFOS(5,I) = INFOS(5,I) + INFOS(LOC,I)
IF ( IPM +EQ. 0 ) RETURN

INFOS(641) = INFOS(6,I) + 360

IS ANOTHER SHOVLZL DOWN FOR PREDICTED MAINTENANCE

IMSD = 0

DO 2 J=1,4NSHVL

IF ( INFOS(7,J) «NE. 1) GO 70 2
THSD = INFOS(5,J)
RETURN

CONTINUE

RETURN

CONTINUE

CALL ERROR ( 102 )
RETURN

END

SURROUTINE OUTSHF

ROUTINE TO OUTPUT INFORMATION AT END
OF SIMULATION OF SHIFT

COMHON 7/ ALPHA /
INFOT (14,60)y INFOS(2646), NTIME(E0,3)y NODES(15),
MOVE(15), TRVL(15,15), KRANDS(6), ITEMS(4D),

71



DO 520 I=1,JSHFT
INFOUT(51,4) =
FN INFOUT (51, J)
INFOUT(5L,0) =
522 CONTINUE

520

INFOUT (51,J)

3 HEAD(7), IADD(6), IASSGN(2,6), INFOUT(51,9)
EQUIVALENGCE
i (IOUT, ITEMS(2)}, (NSHVL,ITEMS(3)),
2 ( IPM, ITEMS(23)), (INITR, ITEMS(8)),
3 (NTRCKS, ITEMS(12)), (IBS,ITEMS(25)),
4 (JSHFT, ITEMS(27)), (IES,ITcMS(26)),
5 (IDSPH,ITEMS(7)), (ISHFT,ITEMS(11))
JSHFT = JSHFT + 1
IF C ISHFY .NE. IBS ) GO TO 430
WRITE (IOUT, 9793) HEAD
Q79 FORMAT ( /// /77 LGX, 7A10 )
WRITE (IOUT, 980 ) NTRCKS, NSHVL, IDSPH, IPM, INITR
S83 FORMAT ( / I3, * TRUCKS*, I5, * SHOVELS*, I5,
1+ * DISPATCH*, 15, * PREODICTED MAINTENANCE*, 025,
2 * RANDOM NUMBER®* // 53X, *LOADS*, S5X,
3 *AeToeIo*y 13X, ®*IDLE SHOVELS*, 18X, ¥TOTAL®* )
403 CONTINUE
IDLES = 0
LOADS = 0
DO 412 I=1,NSHVL
LOADS = LOADS + INFOS(1,I)
IDLES = IDLES + INFOS(2,1)
412 CONTINUE
JOLET = 0
00 414 I=1,NTRCKS
L14 IDLET = IOLET + INFOT(2,I)
: FN = TDLET
FO = NTRCKS
IDLET = FN 7/ FD
INFOUT (USHFT,1) = LOADS
INFOUT(JSHFT,2) = IDLET
DO 424 TI=1,6
INFOUT(JSHFT,yI+2) = INFOS(2,1)
424 CONTINUE
INFOUT(JUSHFT,9) = IDLES
WRITE (IOUT,982) ISHFT, LOADS, IDLET,
1 (INFOS(2,I)y I=1,6), IOLES
982 FORMAT ( 40X, ¥SHIFT*, 13, IS, I11, 4X, 616, 19 )
IF ( ISHFT .NE. IES ) RETURN
FO = JSHFT
D0 522 JJd=1,9
J = 10 - JJ

+ INFOUT(I,U)

FN /7 FD

72
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AVRG = FN / FD
WRITE (IOUT, 984) AVRG,y (INFOUT(51,J), J=2,9)

984 FORMAT ( / 40X, *AVERAGES*¥, F11.1, I9, 4X, 616y I9 )
SUMSQ = 0.0 :

D0 528 I=1,JSHFT
Fi INFOUT(I,1)
SUMSQ SUMSQ +

CONTTNUE

SE SORT(SUMSQY 7/ FD

WRITE (IOUT, 985 ) SE

FORMAT ( 40X, *STANDARD ERROR LOADS =%,

(FN=AVRG) **2
528

885 Fbhel )
RETURN
END

FUNCTION NRML ( £X, SD, SDL, SDR )

NORMAL TA3LE LOOK=-UP TRUNCATED.

TRUNCATED NORMAL DISTRIBUTION BY ReCTANGULAR
APPROXIMATION, OISTRIBUTION IS TRUNCATEZD AT SOL
DEVIATIONS TO THE LEFT AND AT SDR DEVIATIONS TO THE
RIGHT« OISTRIBUTION IS DIVIDEU INTO 26 SEGMENTS,

EX
SO
SOt

EXPECTED VALUE
STANDARD GEVIATION
LEFT LIMIT IN UNITS OF STANODARD
DEVIATIONS. (GIVEN AS A POSITIVE VALUE.)
RIGHT LIMIT

hnn

SDR

QOO0 OCOOOOOOO0

DIMENSION
DATA (CODI
DATA (CDI
«6915,
.0668,
«38738,
« 9987,
BATA
o 7734,
« 1056,
«9938,
«0013
DATA ( XI
‘075,
1.5,

(COIPL(I),

C0I(26), CDIP1(26),
(1) » I=1926) /.5000’
(I)’ I=1926) /050009

.2266’ .773“’ 01587,

¢9322, L3401, .95949,

«(062, 49938, L0030,

+ 000 7/

X1(26}),

« 4013,
s 4013,
8413,
0228,
9970,

XIP1(26)
5987, ,30863,
+ 5987, ,3085,

+1050y +8844,

«9772, J0122,

<013,

I=1,26)7
« 8413,
006689
v997u,

59387,
e 2266,
9772,
0062,

5000,
e 8944,
eQhuly
9387,

+69815,
+1587,
9878,
« 0330,

e 4013,
«8332,
«0228,
1.040,

« 3085,
«95939,
122,
/
(I,
0759
"1;75’

I=1,26)
‘1.037
1.75,

/ 0009 "0259
1090' '1.25,
"2.0(5, 2.00’

«25y
1.25,
‘2025’

'050, 0509
’1.50,

2425,



DOOOOO

2 ~24¢50y 2450y <2475y 2¢75y =36luy 3430y -4a00 /
DATA € XIP1(IYy I=1,26) / 425y Gely ¢50y =425, .75,
1 ‘050, 1.00' -075’ 1025’ -1CCO’ 1050’ -1025, 1.75,
2 ‘1050, 2-00, 'io?Sy 2-25, “20009 2.539 ‘2.259

3 2.75, '2050’ 3000’ ’2.75’ ‘00‘.]0’ -3000 /

100 CONTINUE
R = RANF(C.0)
DO 20 T1=1,26
IF ( R - CODI(I) ) 20,300, 300

360 IF ( CDIPL(IY - R ) 20, w03, 400

Lgo X = XI(I) + ((R=-CDIC(I)) / (COIP1(I) - CDI(I))) *
1 (XIPL(I) - XI(I))
GO TO 99

23 CONTINUE

30 CONTINUE

IF ( SDL + X ) 1G3y 5008, 50
5400 IF ( SDR - X ) 100y 902U, 900
800 CONTINUE

X = X ¥ SD + EX

NRML = X # 60,0

RETURN

END

FUNCTION REXPN ( EX )
ROUTINE TO OETERMINE EXPONENTIAL RANDOM VARIATES

EX = EXPECTED VALUE

= 1.0 / ALPHA
WHERE ALPHA =

RATE OF OCCURENCE

R = RANF(0,0)

REXPN = -EX ¥ ALOG(R)
RETURN

END



91

i
2
3

i

SUBROUTINE ERROR

COMMON 7 ALPHA 7/
INFOT(14,60),
MOVE(15), TRVL

( IGOOF )

INFOS(26,6)y NTIME(60,3), NODES(15),

(15415), RANDS(6),

ITEMS(40),

HEAD(7), IADD(6), IASSGN(2,6), INFOUT(51,9)

EQUIVALENCE
(I0UT, ITEMS(

WRITE (IQUT,91)
FORMAT ( r/7 777
CALL EXIT

RETURN

END

2))

IGOO0F

10Xy * FATAL ERROR * 16 )
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