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Scheduling the extraction and rates of production fo r an underground mining 
operation is a common task carried out during the li fe of a mine, from the 
initial feasibili ty study through to the final production phase. The scheduling 
process can be complex when several requirements have to be satisfied, fo r 
example, match mill capacity and maxlm ize net present value while constrained 
by mining sequence and availability of resources. 

Many mines have computer programs relevant to their operation but because 
they are site-specific they need considerable reprogramming to be adapted 
to other operations. Other methods currently in use also suffer drawbacks: 
manual spreadsheets are laborious, computerized spreadsheets cannot handle 
sufficient constraints, and operations research techniques require a complex 
mathematical model to be set up. 

The use of network analysis techniques has been proposed previously but 
the unavailability. until recently. of easily used computer programs has not 
allowed this approach to be developed. There are now many programs which 
can be used; however, the particular program which has been adapted 10 mine 
scheduling is Metier's 'Artemis·PC' running on TBM-XT or compatible 
machine. 

The use of network analysis offers many advantages, including the use of 
a logical mining sequence; accivities can be as detailed as required; related 
activities can be readily incorporated, and costs can be easily extracted. A 
heuristic approach is necessary to oplimize the schedule, but the ease and speed 
of program execution enables this to be readily achieved, while leaving the 
mining engineer in full control. 

The paper discusses the problems encountered in mine scheduling and current 
solutions. It then details the use of network analysis techniques and the 
application of the Artemis·PC program to solve mine scheduling problems. 

Introduction 

in-situ reserve. 

the exercise 

The objective 

is to a ttain 

of 
a 

Scheduling the extraction and ra t es 

of production for an underground 

mining operation is a common task 

carried out during the life of a mine 

fr om the preliminary feasibility 

stUdy through to the fi na l pr oduction 

phas e. 

production rate at a grade which 

The starting point 

exercise is a geological 

ore deposit giving the 

in s uch an 

model of the 

tonnage and 

grade of each block contained in the 

satisfies the mining company's 

requirements. This r equirement may 

range from : 

- matching mine 

capacity , to, 

output to mill 

- maximize the return on investment. 

The result of the exercise is a 

statement o f tons and g rade by time 
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period which the mine is expected 

in order to 

engineer 

obtain this 

must 

to produce, 

the mining 

cognizance of a variety 

take 

of 

constraints which may be imposed. 

Some examples of typical constraints 

are given below, their order of 

importance depending upon t he 

nature of the deposit, mining 

methods, the mine plan and capacity 

of ore handling systems. 

- Produce from higher grade stopes 

first. 

- Balance grades or 

types for optimum 

mineralogical 

metallurgical 

recovery. 

Timing of completion of 

development such as 

ma jor mine 

a haulage 

acces s to a par ticular area of the 

mine. 

- Mi ning sequence s uch as that 

imposed by the method employed, 

typica l ly a requirement to complete 

one cut, stope or block before 

commencing that adjacent to, above 

or below it. 

- The capacity of the mine's hoisting 

system. 

- Availability of resources such as 

men and equipment; and in 

backfilled stapes, fill material . 

From the foregoing it is seen that 

mine scheduling can be 

task. Many methods have 

to solve the problem 

a complex 

been tried 

of mine 

sche duling, and the following section 

refers to some of these methods . 

Scheduling methods 

The spreadsheet approach 

Most mining engineers have at 

time taken a piece of paper 

worked out a schedule, using 

some 

and 
a 

calcul a tor and their own expertise to 

obtain a solution. Such solutions are 

124 

probably the bes t that can be 

obtained, but limitations are many: 

- it is a laborious task, involving a 

lot of time and effort , and any 

change s in data or l ogic require 

considerable recal culation; 

_ only a few constraints can be 

applied, typically 

(output), gr ade and the 

tonnage 

logic 

inherent in the stoping seguenc:ing. 

In part some assistance is given by 

the use of computerized spread sheets 

to ease the problem of manipulation 

of data and recalculation. 

Spreadsheet progr ams , such as 'Lotus 

1-2-3', running on microcomputers are 

increasingly part of the mining 

engineer's work ing 

advantages being! 

tools, their 

- ease of calculation, especially 

with changing data, and 

- abi lity to incorporate some 

logic. 

Much use 

technique, 

feasibility 

can be made 

particularly 

study stage of 

of 

in 

a 

basic 

this 

the 
mine. 

However as the number of constraints 

increases the problem becomes more 

complex and the spreadsheet approach 

becomes limited in its use. 

Operations resean:h techniques 

Many engineers 

operations research 

mine scheduling. 

have adopted 

techniques for 

Linear programming is one such 

technique which is normally utilized 

to solve the 

use limi ted 

problem of how best to 

resources. In linear 

programming, however, only one factor 

or objective can be 

this objective must 

optimized, 

be expressed 

linear function. Limiting 

ob jective function is a set 

equalities or inequalities. In 

and 
as a 

this 

of 

the 
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case of mine scheduling, the result 

is a complex mathematical model with 

limited use because the correlation 

between simple linear assumpti on s and 

reality is poor . 

Transportation theory has a lso been 

used, but it only allows for 

optimigation of c osts; it is a l so 

difficult to impose precedence 

relationships and as such it cannot 

fully simulate real activities. 

In general, because mine 

is a dependent process 

scheduling 

with a 

specific activity sequence, 

operations re se arch t echni que s become 

complex and solutions are difficult 

to obtain within reasonable time and 

effort. 

Mine-specific and oher computerized methods 

Many mines have devised their own 

computerized scheduling methods with 

is much success. Howeve r, it 

generally difficult to 

methods to other mining 

The programs themselves 

adopt these 

operations. 

are usually 

site specific , the documentation may 

be either poor or non-existent and 

the mining company may be reluctant 

to be drawn into the software 

business. 

Several software packages have 

become available in recent years to 
solve the problem of mine scheduling, 

however in most cases they require at 

least a mini-computer and are 
relatively expensive. 

Network anaJysls 

The use of network analysis 

techniques to solve mine scheduling 

problems has been proposed 

previously, 1 but t he 
unavailability, until recently, of 
easily used compu t er programs has not 

allowed this approach to be deve loped, 

fully. 

The advent 

microcomputers 

development of 

has now enabled 

of 

coupled 

powerful 

with the 

appropriate programs 

a SCheduling method 

to be devised. The following section 

discusses the way in wh ich network 

analysis can be applied to 

scheduling_ 

mine 

Network analysis applied to mine scheduling 

Ne two rk analysis techniques 

applied to mine scheduling in 

ways. 

are 

two 

The interdependence of one activity 

to another is known together with an 

estimate of the duration of the 

activities. This becomes the basis 

for scheduling and is best 

demonstrated by the foll owing 

example. Figure 1 represents, in long 

section, blocks or stopes in a 

which require scheduling. 

mine 

The mining sequence or logic 

- A is mined first. 

- Band C developed after A _ 

is: 

- B C and 0 can only be mined when 

is mined and filled. 

- D can only commence 

particular date. 

after 

A 

a 

Each stope requires 

drilling, stoping and 

developing, 

filling. 

Figure 2 shows how the above can be 

represented by 

that a network 

a network. 

can be 

In order 

a nalyzed 

(determine dates for the start and 

B A C 

'LEVEL I 
I I 
I I I I I 0 I I 
I I 

LEVEL 2 L ______ ____ ..1 

FIGURE I. Long seclion showing location of stopes 
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BLOCK 
DEVELOP DRILL PRODUCTION FILL 

A AI A2j----\.A3 A4 A5 

DEVELOP DRILL FILL 

B BI B2}------\ 65 

C 
OEVELOf> OR ILL PRODUCTION FILL Q 

Cl C2}--------{'C3}----{C4 e; 

I JULY 1986 

'il DEVELOP DRILL PRODUCTION 

o 01}------{02}-----------\03 04 

FIGURE 2. Network diagram of activities 

completion of activities, calculate 

float etc.) durations have to be set 

analysis are best shown in the form 

of a barchart, see Figure 3. 

for each activity. 
mine scheduling 

In the context of 

this is ceadily 

calculated by dividing the particular 
task, (meters 

of drilling 

relevant rate 
drilling rate 

to be developed, meters 
and stope tons) by the 

(development advance, 
and extraction rate). 

After the time analysis, each 
activity has a start and finish date 
assigned to it. The results of the 

The primary use fullness of network 

analysis to mine scheduling, and the 

main concept of this paper, is in the 
treatment of mining parameters, such 
as tonnage and grade, as resources. 

This enables two powerful features of 
a network analysis program to be 
utilized, resource aggregation and 
resource leveling. 

ACTIVITY BAR CHART ~,.. 
r-____________ -1r-~A~PR~I~L __ r-~M~A~'C__r~JU~N~EC-_r~J~UL~YC-,_-"A~U~G-. _r--s~E~P!~._r--~O~ccc"---t I~ 

,,,,,,", --
¥ 

t 

BLOCK A DEVELOP 
DRILL 
PRODUCE 
FILL 

BLOCK B DEVELOP 
DRILL 
PRODUCE 
FILL 

BLOCK C DEVELOP 
DRILL 
PRODUCt: 
Fill 

BLOCK 0 DEVELOP 
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I 
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FIGURE 3. Barchart of activities with histogram of production 
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Aggregation 

By aggregating the resources 

associated with each 

(scheduled in unit time 

activity 

such as 

days or shifts) it is possible to 

obtain the output for any period, 

whether weeks or years, while 

taking into ac count work patterns 

(regular days-off, h o lidays and 

vacation) . 

Leveling 

By ear ring out re sou rce levcling 

any activity in which the 

aggregated resources would exceed a 

set level means tha t specifi c 

activity is delayed. 

Again these 

d emonst rated in an 

points are 

example. 

best 

Taking 

the schedule generated previously and 

assuming a uniform stope extraction 

rate of 250 tons/day then the results 

of aggregation would be as in the 

output histogram shown superimposed 

on the barchart (Figure 3). Note 

that the aggregat ion 1s based on unit 

time such that production from stapes 

which c 'ease in, say, mid-month is 

r ef lected in the aggregated total. 

h-, -, , , , -r, 

,------, , , , 

By then setting the total resources 

(tonnage) at say 10 000 tons/day the 

program is 

activity in 

resource. 

forced 

o rde r to 

where there is an 

activities, o ne of 

del a yed, then this 

programmed on one or 

such as: 

t o delay 

level out 

an 
the 

op tion between 

which lIlust be 

choice can be 
more criteria 

- grade o f stope (h ighest grade mined 

first); 

duration of activity (longest 

activity implemented first); 

amount of float (mo st critical 

activity first ) . 

In the example shown in Figure 4, 

the production from block a has been 

del ayed in favor o f that from block 

c. 
Another example of the use of 

setting resource levels is 

where backfill material 

available at a certain rate 

as a proportion of the mill 

'then the availabili ty of the 

the case 

is only 

(possibly 

input ) , 

resource 
( backfill) is se t at that l evel. In 

the schedule the demand by the stopes 

, 
j 

_ _ ~~~:5ii ~::S='5SZ~ <J~~e£ 

I; , ~ 
'''''''' 

$ l .. ,n I»ITE 

€ 10---+-, __ ....:;"1'-. ;~=~.~-~, ~ :-I 

- f 
FIGURE 4. Barchnrt and histogram following resource leveling 
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for backf!ll wi ll be met until the 

res ource is consumed, at which point 

the filling 

be delayed 

activity for a stope wil l 

unti l t he tota l demand 

falls below the pre-set l evel. 

An important point in both these 

examples is that a schedule has been 

obta ined whi c h 

actua lly occu[" 

reflects 

i n a 

what would 

min ing 

situation: s"topes will not commence 

production unless the mill has the 

spare capacity, and a 
backfil led if there 

stope cannot be 

is no fill 

available (whi ch then means t hat the 

stapes adjacent cannot be brought 

into product i on ). 

In the above discussion, two re-

sources were mentioned but the 
number of resources which can be 

a ss i gned to activities and the use to 

which they can be put is almost 

limitless. 

Grade 

Grade 

ent ly in 

is handled a lit t le differ

that to treat it as a 

resource it is converted into metal 

by mul tiplying by the daily or unit 

production rate. Average weekly or 

monthly grades are then obtai ned by 

dividing the weekly or monthly metal 

ou t put by the week l y o r monthly tons 

(obtained after aggregation). In 

many cases there wi l l be no need to 

put a limit on grade unless there is 

a metallu rgical constra int. 

A good example of this is where i t 

is required to minimize the levels of 

impurities; for exampl e bismuth in 

coppe r , mercury in zinc,in the mine d 

output. In s uch cases t he grade of 

the impurity i s set as a resource 

(i n , say, the stoping or extraction 

a ctivity) and the avai l abil ity set at 

the maxi mum level allowabl e. 

effect on the mine schedule is 
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The 
that. 

it wi l l not bring into p r oduction a 

stope if by so doing that pre - s et 

level of i mpurity is exc eeded, the 

stope will be de layed and possibly a 

lower grade or l ower tonnage stope 

may b e brought into production 

instead . 

Men ond equipment 

These a["e the usual resources al lo

cated to an activity, and it can b e 

seen that a schedule can be readily 

developed in which the number of men, 

LHDS , trucks, drill jumbos and so on 

is limi ted. 

As a corollary, the effect of in

creasing resou r ces can be examined, 

the result of addit ional resources 

being the subject of 

type of analysis. 

a 'what-if' 

Costs 

Costs can be assigned to an activ-

ity in a 

re sources. 

similar way to other 

Costs calcu l ated on a 

unit basis are t hus amenab l e 

aggregat i on , giving total costs 

the specified time period. 

budget constraint can then 

ex tended as the availabili ty of 

to 

over 

Any 
be 

that 

resource and a schedule produced 

which wil l not excee d the budget. 

Other uses of network analysis related to 
mine scheduling 

Major or capita] development 

In many cases t he star t-up of a 

particular stope is related to the 

development of a n acc ess. By 

including these activit ies in the 

network it is possibl e to see either 

the effects o f a delay in complet i o n 

o r assess whether such development is 

critica l to the mine schedule. 

Degree of detail 

Activities in a networ k can ei ther 

be broken down into smaller, detailed 
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activities oc combined. In mine 

scheduling this means that detail can 

be provided for the more immediate 

planning, and subsequent planning can 

be on a broad-brush approach. Taking 

the previous 

'development' 

case as 

could be 

an example, 

detailed as: 

develop sub-level A 

develop sub-level B 

develop slot raise A-B 

and activities 

produce, fill' can 
'develop, drill, 

be combined tc 

'mine block A' for 

planning. 

the broad-brush 

Continuity through mine planning phases 

Network analysis provides the means 

for a common planning tool to be used 

throughout the life of a mine. The 

broad-brush approach can be applied 

to the feasibility stage, and this 

can be followed by detailing the 

initial two years and then detailing 

even further the 

for the production 

first six months 

stage. Once the 

mine is in operation, the network can 

be continuously 

are completed 

formulated. 

updated as 

and new 

activities 

acHvi tie"s 

Critical activities 

A network analysis 

indication of which 

critical. 

provides an 
activities ace 

The mining 

the cd tical 

engineer, by examining 

activities, can decide 

whether to allocate more resources to 

the activity to reduce its duration 

oc conceive a 

eliminate the 
activity. 

plan which 

cri ticali ty of 

will 

the 

The listing of critical activities 

also serves to focus the attention of 

the mining engineer so that the 

important activities are dealt 

first. 

most 

with 

! 

A production tool 

When a mine is in production, there 

are many activities which have to be 

coordinated and managed. By using a 

sort facility it is possible to 

extract only those activities in the 

network which relate to a particular 

area or function. It is 

possible 

of all 

to produce both a bar 

thus 

chart 

activities in, 

boss's section for 
month (Figure 5), and 

say, a shift 

the following 

produce a list-

ing of all backfilling operations for 

the next quarter for the foreman in 

charge of that operation (Figure 6). 

SCHEDULE FOR ll-lONE 

BMCKART OF ACTIVITIES I1ARCH ln6 

,,~ ACTIVITY " " " 
!~-1-05 ~" 

, , , , , , , 
15-1-0::; FILL .. I ..... "UUUII .. UUUIUHU."'U.I. 
09-2-10 flLAS , , , , , , , 
09-2-10 ~" 

, , , , , , , 
09-2-10 FILL , , , , , , , 
03-"'-02 ,,~ , , , , , , , 
O~-A-'n DRIL , , , , , , , 
0 3-~-02 "'" 

, , , , , , , 
03-1\-02 ~" 111I • • U ••• u IIU .. IIU 11. IIIIIIU.UU ... 
O3-A-02 FILL , , , , , , , 
15-1-01 MUCK , , , , , , , 
1!i-1-01 FILL , , , , , , , 
03-"'--.04 , , , , , , 
Ot-A-O' ---- - , , , , , 
03-~· ..... - , , , , , 
O~ // ~~AS , - • ••• UUIIIIIUUlun· , 

~" IIU4Uh ~ , , , ... / , , ~ FILL , , , , , , 
.-2-11 ORIL , , ~ , , , • ~ 1.-2-11 flLAS , , , - , • 

14-2-11 "'" ~UU"UUUI'UII. J. 
~~ -----1(-2-11 FILL , , , "( .. u., 

12-1-05 OC~ , , , , , • • 12-1-05 DRll ... un ....... u ... ulu •••••••••••••••••• 
12-1-05 ~" 

, , , , .... 1111 ... 11 ... _ 
12-1-05 "'" 

, , , , , , , 
12-1-05 FILL , , , , , , , 
12-2-13 OC~ , , , , , , , 
12-2-13 ORll , , , , , , , 
12-2-1& flLAS .... , , , , , , 
FIGURE 5. Example of a generaL short-term scheduLe 

STOPE OURATlON DECEHS£R j"",,,-,A~Y F€BRL!A~Y MMCH "'PRIL 

1~-1-05 '" 
, .UIUIUUUI .. UUUII.UI , . , 

09-2-10 ?9 IIIUU ...... , , , 
0~-~-02 " , , , UI"I 
IS-i-OI " , , , , 
O~-A-O' '" 

, 1 IIHIUI 
07-~-12 .. , IUIlIIO , , , 
1(,-2-13 ,,, , UHIIII' , , 
16-2-60 " 

, , UIIII .. ' • , • 17'1-00 ". , , , UUU' , 
\(-2-11 ." , , , IU"'" , 
12-1-0~ '" 

, , , , , 
12-2-18 '" 

, • , • ....... 12-1-07 ,,, , , , , , 
12c1-03 ,,, , , , , , 
10-1-~ ,,, , , , , , 
I~-I-oo ,,, , , , , , 
10-1-lt " 

, , , , , , 
16-2-'2 " 

, , , nuuuu.u .... , 
1&-2-62 ,,, , , , , , 
16-2-61 " , , 111111 ............ , , 
• 1 •• leot .. oelivjty fro ... ,11 .. 1 ,1 .. 1 
• Ind]"I .. ovoll.bh Iloo' 

FIGURE 6. Example of a specialized long-term schedule 
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Network analysis tn practice 
One of the main problems 

encountered in practice has been the 

instance where a critical stope, 

scheduled to produce at a certain 

rate, is not brought into production 

because · in doing so the total output 

would exceed the set level. The 

consequence of this is that either a 

shortfall in output is obtai ned or 

less critical stapes with smaller 

rates of production are scheduled. 

If the re are a relatively few number 

of stopes the engineer may observe 

this happening and elect to manually 

r educe the output of the stope to 

that of the shortfall for the period 

involved. However if there are a 

large number of stapes in production 

either he may not observe this or the 

task may be onerous, especially if 

adjustments are necessary on 

subsequent runs . 

has been proposed 

One sol ution that 

f o r this problem 

but, as yet, untried in practice, is 

to set the resource levels higher, 

such that on aggregation, over say a 

month, the desired output is 

obtained. This, in effect, simulates 

the use of ore passes and storage 

pockets to e ven out mine production. 

Network analysi s wi ll no t give the 

best schedule at the f i r st or second 

attempt. A heuristic approach is 
necessa r y i n order to obtain the 
optimum solution and it is here that 

the mining engineer can use his 

skills together wi th the 

computati ona l faci li ties inherent in 
the netwo rk analysis program. The 

solving process in network analysis 

is logical and does not require the 

use of any 'black-boxes' which may 

provide a result but not the means by 

which that result was obtained. 

Network analysis programs 
There are a number of software 

packages for network analysis which 

have been developed recently on 

mi c rocomputers, and the basic 

principle of using network analysis 

for mine scheduling 

in some form, to 

could be applied, 

most of these 

programs. 

The program which has been adapted 

to mine scheduling is Metier's 

'Artemis-PC', the main reasons being: 

it is a powerfu l program both in 

terms of the data it can manipulate 

and flexibility; 

- its user-f riendly, menu-drive n 

system; 

- data can be trans ferred to and from 

other packages such as Symphony and 

dBase Ill; 

- its excellent report and graphics 

gene ration. 
Features which are of particular 

reference to mine scheduling i nc lude: 

with da ta held in datasets it is 

possible to perform calculations 

between fields, so converting, for 

example, stope or block geologic 
reserve data into mineable reserve 

data prior to scheduling; 

- data sets can be linked so that a 

dataset holding reconciliation 

factors f o r va ri ous mining methods 

can carry out the calculation 

mentioned above where a particular 

mining method was assigned to a 

stope or block; 

- the menus presented to the user can 

be tailor-made to the application 

so reducing the skill required to 

input data and obtain results. 

Other features relevant to its use: 

- it runs on IBM-XT 

system with all the 

or compatible 

advantages of 

cos t, ease of use, transportability 

etc. that it brings; 
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it allows up to 2000 activities in 
each project, up to 64 fields in 
each data set and up to 64 resources 

for each activity; 

it holds up to four different work 
calendars with each calendar having 

different work patterns. 
The benefits of taking an 

'off-the-shelf' software package, such 

as Artemis-PC, and adapting it_ to mine 

scheduling, rather than- developing 

specific program, are many: 
- the program, hopefully, is 

completely debugged; 
- the costs are considerably less as 

general programs have a wider sales 

appeal; 

- the program is updated on a regular 

basis; 
In practice the program has been 

found to be relatively easy to oper
ate and can be put to use in 

straightforward 
any difficulty. 

scheduling without 

Some experence, how-
ever, is required to manipulate data
sets so as to deal with grade. With 

more experience it is possible to 
completely customise data entry,data

set manipulation and reporting for a 
particular application. The Artemis
PC command language is structured 
with english statements and, in use, 
has the benefit of on-screen 

selection of commands. 

Future developments 

One future development envisaged is 
the use of a digitizer, or other de
vice, to select, from a plan or long 
section, the order in which stapes or 

blocks are to be mined. The subse
quent generation of a plan or long 
section showing the analyzed stoping 
-schedule would give the engineer a 

visual means to check and monitor the 

scheduling process. 
Another development would be, by the 

process of updating the schedule on a 
regular basis, to create a historical 

database. It would than be possible 

to compare actual against forecasted 
and monitor (revising as necessary) 

recovery and dilution factors. 

Conclusion 

The use of network analysis 
techniques goes a long way in solving 

the many problems encountered in mine 
scheduling: it maintains the logic 
inherent in a mining operation: the 
effects of availability of resources 
can be readily 
be as detailed 
activi ties 
incorporated. 

The use of a 

seen: activities can 
as needed, and related 
can be easily 

microcomputer based 
network analysis software, such as 

Art~mis-PC, provides a low-cost 
solution for mine scheduling. The 
flexibility and ease of use of such a 
package should enable mine scheduling 
to be carried out by the mining 
engineer more easily and better than 

ever before. 
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