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ABSTRACT Crv u/.
---------

Many coal mining enterprises experience variations in 
demand for the coal they produce. One could fulfill the 
sales requirements by producing the exact quantity and 
grade of coal needed. However, this is not easily accomp
lished because a delicate balance must be maintained between 
time periods of high production and periods of entry develop
ment. This thesis has developed a mathematical model and 
method of solution for the production scheduling problem of 
an underground coal mining enterprise.

The production scheduling problem will be designed for 
the room-and-plllar system of underground mining. The room- 
and-pillar system developes a network of main haulage entries, 
secondary haulage entries, panel entries, and crosscuts.
The entries and crosscuts are driven along the coal seam 
forming rooms and pillars. Approximately fifty percent of 
the coal can be mined by developing the rooms and pillars, 
and a large part of the remaining coal will be won by a 
retreat depillarlng method. Versatility has not been for
feited by restricting the model to room-and-pillar systems 
because other mining systems could be modeled in a similar 
manner.

The mathematical model will maximize the economic 
function representing the profit. The economic function
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will be restricted by a set of mathematical constraints 
describing demand, block sequencing, production, cost, grade 
of coal, and time limitations*

One technique used to solve the mathematical model 
was the additive integer programming algorithm with a routine 
for generating surrogate constraints. A possible approach 
using Lagrange multipliers was also outlined* Although the 
mathematical model was designed for a particular situation, 
it can be expanded to encompass a large set of managerial 
decision-making problems.
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INTRODUCTION

Mining companies all over the world are presently- 
faced with the problem of an ever Increasing demand for 
mineral resources. As a result of the high demand over the 
past centuries, mining companies must now concentrate on 
economically mining low grade ore deposits subject to 
federal and state mining laws, various forms of environmental 
pollution laws, and working practices within the mines.

Inherent in an economical mining operation is scientific 
mine planning. Mine planning can either be short or long 
range planning. The long range plan takes into account the 
entire life of the mining operation. If a mining company 
fails to have a long range plan, costly development may 
occur and possibly the loss of large amounts of the mineral 
resource may occur.

The purpose of this thesis is to provide one step in the 
scientific planning of a mining operation. This thesis will 
concern Itself with the development of a production schedule 
for underground coal mines. However, the basic concept is 
not restricted to coal mines and similar approaches 
could be developed for other forms of underground mining. A 
production schedule provides the mining engineer with a guide

1
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describing the time a particular area of coal should be 
mined with respect to the entire mineral deposit.

Described in this thesis is a technique for maximizing 
an economic function describing the mining operation const
rained by demand, time, blending, stockpile, and sequencing 
requirements. The sequencing requirements describe actual 
mine practice. For a detailed discussion on mining methods 
the reader is refered to Woodruff (16).
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PROBLEM DEFINITION 

Factors Influencing production scheduling

The physical characteristics of a production schedule 
for an underground coal mine can be described by preliminary 
exploration, development of the property, production of the 
ooal, and economic considerations.

Initial exploration

An underground coal mine must be a safe, economical, 
and dependable operation. Whether opening a new mine or 
reactivating an old mine, the cost of operation must be some 
what predictable for the life of the mining operation. For 
the cost of the operation to be predictable some preliminary 
exploration must be conducted within the coal seam and 
surrounding strata. Geophysical methods can be used to 
determine such factors as depth of coal bed, areal expanse, 
and other geologic variables. At present, geophysical 
techniques are used infrequently in the preliminary explora
tion of the coal property. A surface geological study can 
also be made to reveal bedding planes, strike and dip of the 
bed, areal expanse, and limited information on surrounding 
strata. The surface study will indicate where drill holes 
should be located. The number of exploration drill holes 
and the placement of the drill holes is another problem and 
it will not be considered in this paper.

3
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Exploration drill holes will provide the mining engineer 
with information on percent sulfur in the coal, over and under
lying strata, and various parameters of interest to the mine 
operator. Often other mines in the same area will provide 
information on roof control, drainage, inherent methane gas, 
and general mining problems. The benefits of a good prelimin
ary exploration program are essential to the efficient 
planning of a mining operation.

Information resulting from exploration is assimilated 
and plotted on a map. The mining engineer using his past 
experiences coordinates the information into a mine plan re
lating the needed development to fully exploit the coal seam. 
The design engineer must determine the type and number of 
openings to access the coal resource while maintaining a 
structurally stable design to prevent ground control problems.

Development

After the development openings have been located on a 
mine projection, a systematic production sequence for this 
set of development entries is found. This thesis is mainly 
concerned with a systematic procedure for devising a good pro
duction sequence.

Development of the coal seam is the process of driving 
openings in the coal to prepare the coal seam for mining and 
to allow for its orderly movement from its entrapped site to 
the surface facilities. In particular, the construction of



5

main haulage ways, secondary haulage ways, and panel entries 
is herein defined as development. The development must be 
coordinated with the movement of mining equipment, transport
ation of the coal, drainage of ground water, ventilation of 
the mine, and personnel activities. Haulage entries are 
the primary passageways through the coal. Pillars of coal are 
left between entries to provide the support needed to main
tain the immediate roof rock. Pillars vary in size depend
ing on the support needed in a particular area. Development 
is usually a costly stage in the mining operation which yields 
a comparatively low percent of the total amount of coal mined. 
However, before more efficient methods of producing can be 
initiated development must be completed.

Production

Production involves a systematic mining sequence for pro
ducing large quantities of coal cheaply. There are two 
basic methods for producing coal, (1) room and pillar mining, 
and (2) longwall mining. In the room and pillar system, panel 
entries and cross entries form a pattern of connected rooms 
leaving pillars to support the overburden. In common practice, 
pillars tend to be nearly square although many mines incorp
orate various pillar and room geometries as mentioned by 
Woodruff (16). Room and pillar dimensions are largely deter
mined by roof strength, depth of the mine, types of machinery, 
and thickness of the coal seams.
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After a portion of the coal has been mined leaving 
rooms and pillars, recovery of the pillars is sometimes 
attempted allowing the roof rock to subside; this is termed 
pillar robbing. Pillar robbing is usually very profitable to 
the mining company. In some mines, pillar robbing must pro
ceed within several weeks after the completion of the rooms 
and pillars because pressure on the pillars will cause the 
coal pillars and roof rock to fail.

The development of the rooms and pillars mines approx
imately fifty percent of the coal and a fraction of the re
maining coal is won by pillar robbing. The room and pillar 
system of mining accounts for ninety-five percent of the 
output from underground mines in the United States.

The second basic mining method in use today is the 
longwall system. Longwall panels are developed by two sets 
of paralled entries. The coal between these two entries is 
mined by an advancing face moving perpendicular to the 
entries. Mechanical self advancing supports provide temp
orary support for the mining operation. As the face moves 
forward the self-advancing supports also move allowing the 
overburden to collapse behind the supports. If the face 
stops, pressure from the overburden causes roof failure 
above the unmined coal making further advance extremely 
difficult. In 1966, 0.7 percent of all coal mined under
ground in the United States was mined by the longwall system; 
While in 1970, 2.1 percent of all coal mined underground in the 
United States was mined by the longwall system as recorded
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by Bituminous Coal Data (3)* Although these figures are 
relatively small they do indicate a definite upward trend in 
the application of longwall mining.

Economic Considerations

The mining industry is continually concerned with 
decreasing the cost of the mining operation, improving the 
health and safety of the miners, and enhancing quality control 
on its coal. Low mining costs are the direct result of good 
production scheduling. Production scheduling for an under
ground coal mine is the extraction sequence over an interval 
of time known as a planning period. The extraction sequence 
is subject to geological, legal, and operational constraints 
in the midst of uncertainty. Uncertainty may be reduced by 
good preliminary exploration and evaluation but any proposed 
extraction plan must be revised as additional information is 
obtained. A goal of the mining industry and this paper is to 
find an optimal or near optimal extraction sequencing plan.
An optimal production schedule as herein defined is a 
schedule which is as good or better than any other production 
schedule. The optimal schedule is constrained by the 
contracts the mining company must fulfill, the time needed to 
mine the coal, quality of the coal demanded, human elements9 
equipment characteristics, mining methods, mining laws, 
physical conditions, and various delays. Because of the 
number of variables coupled with the potential savings, the 
need for a good production schedule warrants investigation.
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FIGURE 2 - Block representation of
figure 1 and sample problem number 1. 
1. Blocks 18 and 19 are main entries.

22, and 23 are secondary entries. 
Blocks 1, 2, and 3 comprise a 
panel.
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Current Techniques for Solution

The traditional approach practiced by mining companies 
for establishing an extraction sequence Is characterized by 
procedures developed to give solutions to the Immediate 
short range problem. Such tools as common sense, experience, 
and time are employed extensively. In the past for small 
mining companies there has been no real need for anything 
else. However, as the complexity of a mine Increases 
intuitive approaches are no longer sufficient. Short range 
solutions could induce costly development and leave areas of 
coal unavailable to future exploitation. Because of the 
enormous number of alternatives, common sense and experience 
cannot be relied upon totally for good solutions to long or 
medium-range production schedules. However with the advent 
of faster and larger computers, techniques can be developed 
to produce greatly improved production schedules. A long- 
range optimal production schedule provides an extraction 
sequence for the most efficient exploitation of a deposit 
within minable boundaries. Consequently an algorithm for 
finding medium-to-long-range production schedules would 
improve the economic effectiveness within the mining Industry.
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MATHEMATICAL MODEL

A workable mathematical model Is developed herein for 
the purpose of determining a production schedule which 
maximizes profit over several planning periods. Several 
assumptions must be made In order to obtain a realistic 
mathematical approximation of the "real world" situation.

Assumptions

The assumptions made In the mathematical model are*
1.) Before mine development commences the mining 

engineer will know which type of production system will be 
employed.

2.) A mine map or layout depicting main haulage 
ways, secondary haulage ways, and panels will be available 
prior to mining.

3.) The coal seam can be divided Into a finite 
number of blocks such that any block could be mined in any 
given time period provided assumption four is satisfied.
The complete set of blocks forms a partition of the minable 
deposit.

4.) Before any particular block in the coal
seam can be mined a set of blocks Q, must be previously mined. 
The set Q is not unique but can be determined from the mine 
map or layout (assumption 2).

5*) Each block can be given a representative 
numerical value for volume of coal, quality, net worth, and

11



T-1437 12

time needed to mine.
6.) The ooal seam has uniform thickness (mathe

matical model can be expanded to account for varying thickness 
of coal).

7*) Constraints can be defined in terms of linear 
relationships among the variables.

Assumptions 1 and 2 represent the information accumu
lated from the preliminary exploration and evaluation. Mining 
companies usually construct mine layouts and prefix the 
methods of mining to be employed.

Assumption 3 describes concepts which are generally 
employed by many mining companies. The blocks are volumes 
of coal which logically describe haulage ways and production 
panels. The number of blocks used is left to the discretion 
of the mining engineer and systems analyst. The blocks can 
be of any size, volume, or shape.

Assumption 4 can be most easily understood by examining 
the following example taken from figure 2.

Suppose block 23 is to be mined. Any of the three 
following sets of blocks could have been previously mined,

set 1- mine blocks 18, 20, 21, and then 23*
set 2- mine blocks 18, 22, and then 23-
set 3- mine blocks 18, 19, and then 23•

It should be noted that there are many other possible sets 
of blocks that could be mined before it is realistic to mine 
block 23-
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Assumption 5 requires information concerning block data* 
The data is obtained from the analysis of drill-hole samples, 
surface geological studies, and economic evaluations of 
proposed mining techniques. The solution to the production 
scheduling problem is entirely dependent on the accuracy of 
this data.

Assumption 6 is usually satisfied by the coal deposit. 
Problem Formulation

The mathematical formulation of the production schedu
ling problem maximizes the profit subject to various 
constraints describing the nature of the problem. The 
mathematical formulation is as follows.

MAXIMIZE Y1 Cu Xu + E  Oy Ix - E  h S ;
y  J 0 y  J J J

where S} = . H  a-Xu  + E l . bj X- - E  K
Sj = stockpile at the end of time period j. 
h} = cost of storing a ton of coal stockpiled 

at the end of time period J.
a L =» tons of coal received by making rooms and 

pillars in block i.
bj_ s tons of coal received by robbing the pillars

In block i.
X; *. = 0,1 and is used to indicate the development 

of block i in time period j.
Y;* = 0,1 and is used to indicate the pillar4 J

robbing of block i in time period J.
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=■ money value of creating rooms and pillars 
for block i in time period J.

d̂ j r: money value of robbing pillars in block i
in time period J.

i = block number where i= 1,2,..., n and n 
equals the total number of blocks.

J tr time period J where 1,2,..., m and m 
is the total number of time periods.

Dj = demand for coal in time period J 
SUBJECT TO:

1.) Time constalnt

where v̂  ~ time to construct rooms and pillars in block i. 
Uj a time needed to rob the pillars in block i.
FV = total machine time available in time period J.

2.) Demand and stockpile constraint

where S0 is the initial size of the stock pile. If a new 
mine is opening S0'= 0.0

S.P. is the upper bound on the tons of coal the 
stockpile can accommodate.

3*) Blending constraint

+ ZIu l - Fj for eaGh J*

+

is the set of blocks with physical charact
eristic i where ( could be low sulfur, low ash, high BTU per ton,
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eto.
fL. Is a percent representing the 

j
required level of physical characteristic Ji in time period J.

4.) 2 ] X -  $ I - construct rooms and pillars
jat most once in block i.

5*) F  ¥:■  ̂I - rob the pillars in block i—  *\jJat most once.
6.) Sequencing the construction of room and

pillars.
x  ; L

is the set of blocks which must 
have at least one element previously mined before rooms and 
pillars can be constructed in block i during time period J.

7*) Sequencing of depillaring 
I;; i H  X,'A.SL

where S^ is the set of blocks which must have at least one
element robbed previous to the robbing of block i in time
period J.

8.) A block must have rooms and pillars 
constructed before the robbing of pillars can commence.

a) lij 5 II X u
or b) xL. < ZZ X U

j-24<JUjwhere is a time period less than j and greater than or 
equal to zero. Form (b) Is used whenever the robbing of 
pillars must occur within a short period of time following
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the construction or rooms and pillars.
9.) Xy S

where Ti is the set of blocks that must be developed before 
rooms and pillars can be constructed in block i (i.e. main 
entries must be developed encompassing a panel before 
construction in the panel can occur). The constraint could 
vary depending on the mining methods used.

10.) X-̂  and are equal to zero ̂ J
or one.

The objective function maximizes the profit received 
from mining block 1 in time period J with respect to 
stockpiling options. The coefficients c- , d;/ , â  , b- ,

J J

and hj are determined by operating cost of equipment, money 
value of coal, labor costs, efficiency of the particular mining 
system being employed, transporation cost, and other related 
costs. This Information should be available to most mining 
companies.

Constraint 1 represents an upper bound for the amounts 
of machine time which is available for constructing rooms 
and pillars or robbing pillars. Time periods can vary in 
length. Sometimes a company will plan to increase their 
equipment after many months of actual operation. The addi
tion of the equipment will only change the total number of 
machine hours that can be used in the remaining time periods. 
Coefficients v- and \iL can be approximated by the average



T-1437
17

amount of time needed to develop or produce a standard ton 
of coal.

Constraint 2 represents the demand for coal that must 
be satisfied in each time period and the size of the maximum 
stockpile which must not be exceeded. Many mining companies 
sign contracts guaranteeing delivery of some quantity and 
quality of coal at a certain time. These contracts determine 
the demand a mining company must fulfill. The demand gener
ally fluctuates with time. Constraint 2 forces the product
ion schedule solution to 'meet any feasible demand require
ments imposed by the contracts.

Constraint 3 is a blending constraint. The blending 
constraint Insures quality control on the coal being shipped 
to market. Quality control is essential for the fulfillment 
of contracts and maximization of the objective function.
Thus the optimum extraction sequence must avoid mining 
solely poor quality coal. The extraction sequence should 
blend the high quality coal with the low quality coal to 
aohleve the proper balance.

Constraints 4 through 9 represent a logically feasible 
extraction sequence. These constraints represent the 
sequencing procedure a mining operation must use to extract 
the coal. There are two forms of sequencing constraints 
that will be discussed. The first sequencing form is the 
development sequencing. Heferlng to figure 2, block 19 
could not be mined until block 18 was already mined, or block
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14, 15, or 17 must be mined before block 16 could be mined. 
Main haulage ways, secondary haulage ways and drifts are 
usually completed or nearly completed before work Is started 
within a panel. These constraints would enable the mining 
engineer to require blocks 18, 13, 14, and 15 to be mined 
before any production could be started on blocks 1, 2, or 3« 
Any variation of development before production could be 
defined by this collection of constraints. The second form 
of sequencing is the sequencing of production. Production 
sequencing prevents the extraction sequence from producing 
coal at any point within a panel. Usually a mining operation 
starts at one end of a panel and proceeds to the other end.
The sequencing constraint forces rooms and pillars to be 
constructed before a robbing of the pillars can be performed. 
Some geological conditions force the mining company to employ 
depillarlng techniques soon after the rooms and pillars have 
been created while other mines have more stable mining 
conditions allowing the robbing of pillars to be postponed.
The total collection of sequencing constraints can describe 
various mining policies depending on the geological conditions 
of the coal seam and surrounding rock.

Constraint 10 forces all variables to be zero or one.
If a mining function, either development or production, is 
to be induced on a block, the mining function will be 
completed for the entire block.
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Evaluation of the Mathe matloal Model

The mathematical model proposed In the preceeding section 
approximates very closely many real problems. The general 
mining operation varies greatly from one mine to another 
but the model is general enough to handle these variations. 
Often gas wells, oil wells, old mines, property boundaries, 
streams, and power lines cause physical differences from mine 
to mine. Coal seams differ in geological characteristics 
causing mining methods to be applied in different manners. 
Equipment, labor, marketsf physical characteristics, and 
other factors all contribute to making each mine nearly 
unique. The mathematical model developed earlier is flexible 
enough to accommodate the spectrum of problems which could 
arise in a specific mine. For example, many mines have fire 
problems and leave fire barrier pillars near the middle of 
each panel. With little effort blocks can be defined in 
such a way as to insure fire protection.

The mathematical model starts extremely general having 
the capability of handling uneven dimensioned blocks, unequal 
time periods, several mining systems, stockpiles, quality 
control, contract responsibilities, and existing or new mines. 
Consequently the mining engineer and the systems analyst 
can come together and describe a specific mining operation 
mathematically.

The solution to the mathematical model will furnish the 
’mining company with a production schedule over a time horizon.
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But unforeseen problems may materialize and be of such 
magnitude that the production schedule will be no longer 
valid* These problems may be the result of time lags, 
strikes, or unforeseen geological conditions. If a major 
problem does occur the model must be applied completely 
anew, where the new solution will give the production schedule 
from that time on.

The mathematical model is highly dependent on the quality 
of the preliminary exploration. If little information is 
known the mining engineer guesses at a logical mine con
figuration. When the engineer guesses wrong the model 
solves the wrong problem and the production schedule is 
inefficient.

The smaller the size of the blocks the more accurate 
the solution. Likewise smaller time periods also produce 
more accurate solutions. But as the number of blocks and time 
periods Increase the cost for the solution increases also.
As the number of variables increases, larger and faster 
computers are needed to arrive at a good solution.
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ADDITIVE ALGORITHM

One method for solving the mathematical model described 
In the previous section Is the additive algorithm by Egon 
Balas (1) with a subroutine for generating strongest surrogate 
constraints by A. M. Geoffrlon. A surrogate constraint Is 
a new constraint formed by a linear combination of two or more 
constraints. A surrogate constraint can establish a useful 
bound for some variables as shown by McMillan (13)* A. M« 
Geoffrlon and A. B. Nelson (10) wrote a computer program 
called RIP30C for the Rand Corporation which solved the 
zero-one integer problem using the additive algorithm with a 
subroutine for generating strongest surrogate constraints.

Description

The general form of a Integer program with zero-one 
variables is

(1) Minimize (Maximize) xj
Subject to: AX £ b
x* =. 0,1 where J = 1, 2, n and n equals the

total number of variables. The general form of the linear 
program with zero-one variables must be transformed to

21
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(2) Minimize xj
J

where Cj 0 for all j
Subject to: AX + b > 0

Xj = 0,1
for use on the computer program RIP30C. The following trans
formation rules are used to transform (1) into form (2).

1#) If a constraint in (1) is an equality, 
replace the equation with two inequalities.

2.) If a constraint in (1) is less than or
equal to b multiply the equation by a minus one changing 
the constraint to a greater than or equal constraint.

3«) If a coefficient in the objective function 
is negative set the corresponding variable Xj = 1 - ŷ* .
If a coefficient in the objective function is positive set 
the corresponding variable xj y4*

Example Minimize -5 x, + 2xz
set x, = 1 - y, jX* = yx 

Min -5 (1-y.) + 2y2
or Min 5 y, + 2 yz -5

The Integer program with zero-one variables in the form of
(2) can now be solved by the computer program RIP30C.

The additive algorithm is a total enumeration algorithm 
where a small number of the solutions are evaluated explic
itly and the remaining solutions are evaluated implicitly.
A solution is a vector of 0's and l 1s. The algorithm can 
start from an initial solution with all variables zero and 
assign the value one to some of the variables in a systematic
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manner. The following tree could be drawn to represent all 
solutions to four zero-one variables.

The tree is divided into levels. When a branch is formed 
by moving to the left and from level 1 to i + 1 the solution 
remains unchanged. When a branch is formed by moving to the 
right and from level i to i + 1 the variable corresponding 
to the ith level is given the value one.

The algorithm searches the tree using Information 
generated by the search to implicitly enumerate portions of 
the tree. For a detailed description of the algorithm refer 
to the paper by Balas (1).

Many rules have been developed to accelerate the speed 
of the additive algorithm. G-lover (11) showed how the addition



of surrogate constraints Improved the rate of convergence of 
the additive algorithm. Geoffrlon (8) used the simplex 
algorithm of linear programming to determine the "strongest” 
surrogate constraint. Petersen (14) developed two rules to 
input data. These rules order the constraints and the coeffi
cients of the constraints. These rules also accelerated the 
rate of convergence of the additive algorithm. The additive 
algorithm converges to the optimal solution more rapidly by 
starting with a known good feasible solution.

The zero-one variable programming code RIP30C has the 
important advantage of stopping in a certain amount of time 
and printing the best feasible solution found.

Evaluation

The zero-one programming code applied to the two sample 
problems in Appendix A never had enough time to obtain the 
optimal solution (restricted use of the computer). But the 
value of each Integer solution was greater than ninety percent 
of the corresponding value of the linear programming solution 
with the restriction of Integer values removed.

The computer program RIP30C is currently limited to 
small problems and it would require a large amount of work 
to rewrite the code for larger problems. The computer code 
converges more slowly as the number of variables increases.
For this reason large amounts of computer time will be 
needed to solve problems with larger numbers of blocks and
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time periods. The following table illustrates the problems 
mentioned above.

Problem description
Problem number 1 2

number of variables 105 93
number of constraints 220 194
initial feasible sol. yes yes
computer time (IBM-360-65) 1082.414 1686.808

(seconds)
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RECOMMENDATION FOR FURTHER STUDY

Outlined below Is a Lagrange multiplier technique 
designed to speed up the computation of Integer solutions to 
the production scheduling problem. The technique is based 
on an unproven conjecture which would allow linear program
ming to be used to solve an Integer programming problem.

The production scheduling problem may be written
(1) Maximize Y~• - J j jJSubject tos 

hA(x) £ b
BkU )  < G
X̂ j = 0 or 1 i r 1, 2, ..., n and
j = 1 > 2, •••> ni

where 1, 2, ..., p and hft (x) represents p sequencing 
constraints, k - 1, 2, ..., q and gk (x) represents q
non-sequencing constraints.

Let S be a set. Suppose we want to solve:
(2) Maximize F (x)X€ S

Subject to: ft (x) £ d-t for 1=1,2, r
Everett in (7) considers:

(3) Maximize F (x) - Y1 X;f; (x) where
L - I L

the X; are non-negative real numbers. Everett shows that a
solution x* ̂  s which maximizes (3) is a maximizing
solution to: Maximize F (x)

X € S
Subject to: f (x)5f (£*) 1*1, 2, ...,r

26
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Suppose Instead of considering (1) we consider
Maximize
Subject to: h£(x) < J^=l, 2, ..., p

0< < I xL\ - Integerwhere the \  are non-negative real numbers. 4
It is conjectured that the constraint set h^(x)5 b£

0 < x £ 1 has only integer extreme points. Thus by solving

the more restrictive problem (4) is also being solved.
However (5) is Just a linear programming problem.

If the conjecture is true then It is hoped that the 
Lagrange multipliers A* can be Judiciously selected so that 
solving (5) and thus (4) will yield good if not optimal 
solutions to (1). At least fifteen problems of form (5) have 
been solved by linear programming and all solutions have 
yielded zero-one solutions.

Brooks and Geoffrlon (4) have developed an algorithm 
for generating the Ak multipliers. It should be mentioned 
that solving the optimization problem (5) and thus obtaining 
the solution to (4) does not guarantee the solution x* to 
(5) maximizes (1). Instead x* is the maximum of (1) with 
the non-sequencing constraints replaced by gk(x) < g K(x*) for 
k^/^q. The selection of the multipliers will influence these 
constraints. If however x* satisfies the constraints of (i) 
It provides a lower bound for the optimal solution for (1).

(5) Maximize
Subject to: h^(x) < b^

o £ X ” < 1 5=1, 2, p



T-1437 28

If In addition sK(x*) =r CK for each k > x* is an optimal 
solution to (1).



I

SUMMARY

Currently the zero-one varlble code RIP30C can effect
ively handle small mines or parts of large mines. It cannot 
efficiently calculate production schedules for larger mining 
operations completely. A search for a more powerful solution 
technique is necessary. M. Benichou and others (2) have 
proposed a new integer programming code and it is currently 
in the IBM-MPSX computer program package. Some investiga
tion on the effectiveness of this computer program for the 
production scheduling problems is suggested.

Since a good feasible solution would be adequate, 
exploration in heuristic integer programs would be of value. 
Possibly the combination of a heuristic approach and the 
computer code RIP30C would be effective.

Many avenues of additional research can be explored 
in the method using Lagrange multipliers. First and most 
important is the proof or disproof of the conjecture concern
ing linear program (5)« If the result can be proven then 
additional research can be conducted on improving the method® 
One very sensitive step in the Lagrange multiplier method is 
the selection of multipliers. Extended research should be 
conducted on rules for selecting the multipliers. Because 
of its capability for handling complete large mines, the 
multipliers technique should receive special attention.

29
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APPENDIX 1 

SAMPLE PROBLEM - 1

Design on Page 9*
The following constants were used in sample problem number 1. *

1 Oi, Clz di, d c2. d : < _ vl Ut
~T~ 14.4 2" 14.35 14.28 16.48 16.4 16.32 3.0 2.0
2 14.42 14.35 14.28 16.48 16.4 16.32 3.0 2.0
3 14.42 14.35 14.28 16.48 16.4 16.32 3.0 2.0
4 9-94 9.90 9.86 11.36 11.31 11.26 2.5 1.5
5 14.77 14.70 14.63 16.88 16.80 16.72 3.0 2.0
6 17.5 17.42 17.34 20.0 19.9 19.80 3.0 2.0
7 8.24 8.20 8.16 10.3 10.25 10.20 3.0 2.0
8 14.42 14.35 14.28 16.48 16.4 16.32 3.0 2.0
9 14.42 14.35 14.28 16.48 16.4 16.32 3.0 2.0

10 6.76 6.73 6.70 8.45 8.41 8.37 3.0 2.0
11 6.76 6.73 6.70 8.45 8.41 8.37 3.0 2.0
12 8.75 8.71 8.67 10.0 9.95 9.95 2.5 1.5
13 6.72 6.69 6.66 1.514 2.28 2.27 2.26 0.5
15 6.72 6.69 6.66 1.516 5.28 5.26 5.24 1.0
17 2.28 2.27 2.26 0.5
18 9.00 8.96 8.92 3.0
19 12.36 12.30 12.24 3.0
20 6.72 6.69 6.66 1.521 2.28 2.27 2.26 0.5
22 3*36 3.35 3.34 1.5
23 4.44 4.42 4.40 1.5

h, 3: .25
h, c .25
h3 = .25 s. P. - 00

3= blocks 7, 10, 11, 22, and 23, have high sulfur content.
S; andc 1 T j can be determined from figure 2.

£♦All values should be multiplied by 10 •

30
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i ai b; Constraint Type b (AX + b1 .865 • 94 7 1 1 8.00
2 .865 .947 2 1 8.00
3 .865 • 947 3 1 8.00
4 .600 • 653 4 2 -2.00
5 .882 • 970 5 2 -4.70
6 1.050 1.150 6 2 -7*75
7 • 865 • 947 7 3 0.00
8 • 865 • 947 8 3 0.00
9 .865 • 947 9 3 0.00
10 .710 .777 10-44 4,5 1.00
11 .710 .777 45-220 6,7,8,9 0.00
12 • 525 .575
13 .470
14 .160 Stock Pile = o°
13 .470
16 • 370
17 .160
18 .630
19 .86520 .470
21 .160
22 .470
23 .620

If block 1 is developed 42$ of the coal is mined. If
block; 1 has Its pillars robbed 79$ of the remaining coal is
mined.

Solution after 1082.4 seconds of computer time on the 
IBM 360-65.

^»yl3 - 1 r 1 X - 1 = 1
X 1,17 X 1 X >,«8 = 1 1 X 2,„ = 1

X 3^3 - 1 * 3.5 1 1 * 3,3 * *
All other X: : - 0
All other Y; • 0
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FIGURE 4 - BLOCK REPRESENTATION OF 
figure 3 and sample problem 2.

1. Blocks 16, 17, and 18 are MAIN 
ENTRIES.

21 are secondary entries.
3. Blocks 7 and 8 comprise a panel.
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SAMPLE PROBLEM - 2

The following constants were used in Bample problem 2*

1 pH 0,t pig 9 m di2. pi 3 vl U l
1 i4.oo 14.00 14700 16.00 16T.00 16700 2.0 1.25
2 13.65 13-65 13.65 17.60 17.60 17-60 2.0 1.25
3 21.35 21.35 21.35 22.72 22.72 22.72 3.0 2.00
4 19-88 19-88 19-88 22.72 22.72 22.72 3.0 2.00
5 17.36 17-36 17-36 19*84 19-84 19.84 2.5 1.50
6 15.40 15.40 15.40 17.60 17*60 17*60 2.0 1.25
7 17-36 17-36 17-36 19-84 19*84 19*84 2.5 1.50
8 15.61 15-61 15.61 17*84 17.84 17-84 2.0 1.25
9 26.67 26.67 26.67 30.48 30.48 30.48 3.5 2.25

10 23*80 23.80 23.80 27.20 27.20 27.20 3.5 2.25
11 2.70 2.70 2.70 1.0
12 2.10 2.10 2.10 1.0
13 1.05 1.05 1.05 0.5
14 2.17 2.17 2.17 1.0
13 3-37 3-37 3-37 1.0
16 6.30 6.30 6.30 2.0
17 6.12 6.12 6.12 2.0
18 5.40 5.40 5.40 2.0
19 2.70 2.70 2.70 1.0
20 1.80 1.80 1.80 0.5
21 3-97 3.97 3.97 1.5D, = 2.2

D2 — 6*0
D, ^ 11.0 
5. P. = .4
h, ^ 1.25 
h 2 « 1.25 
h 3 = 1.25

All blocks of coal have the same mineral content so 
there are no blending constraints. W- , , and T-L can be
determined from figure 4.

Q>♦All values should be multiplied by 10 •
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i a i bi Constraint Type b ( Ax + t>1 0.80 0.90 1 1 11.00
2 0.78 0.88 2 1 12.00
3 1.22 1.37 3 1 13.00
4 1.14 1.28 4 2 - 2.20
5 0.99 1.12 5 2 - 6.00
6 0.88 0.99 6 2 -11.00
7 0.99 1.12 7 2 2.60
8 0.89 1.00 8 2 6.40
9 1.52 1.71 9 2 11.2510 1.36 1.53 10-40 4,5 1.00
11 0.18 41-194 6,7,8,9 0.00
12 0.14
13 0.0714 0.14
15 0.2316 0.42
17 0.41
18 0.36
19 0.18
20 0.12
21 0.26

If block 1 is developed 40$ of the coal is mined. If 
block i has its pillars robbed 75$ of the remaining coal is 
mined.

Solution after 1686.8 seconds of computer time on the 
IBM 360-65-

1 X 1/13 1 x z, 17 - 1 1

*,,z ^ 1 X I,Ik - 1 X 7ij f<? = 1 X 3 - 1

x .,.. = 1 X 2,7 - 1 X -Z , 20 - 1 X 3, ,4 - 1
X ,,,2 = 1 Y 2,2 = 1 1 *3,3 = 1

1
All other x r and Y-.L ft equal zero.CJ LJ
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