
A Mixed Integer Model for Optimizing Equipment Scheduling and Overburden 

Transport in a Surface Coal Mining Operation 

by 

Gerrit V.R. Goodman 

Dissertation submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in 

Mining and Minerals Engineering 

APPROVED: 

-~is, Chairman A ,s. c.~arin /} 

E. Topuz / J. R. Lucas, Head " 

• ~leski '"' G. Adel 

March, 1987 

Blacksburg, Virginia 



A MIXED INTEGER MODEL FOR OPTIMIZING EQUIPMENT SCHEDULING AND 

OVERBURDEN TRANSPORT IN A SURFACE COAL MINING OPERATION 

by 

Gerrit V.R. Goodman 

Committee Chairman: Dr. Michael Karmis 

Mining and Minerals Engineering 

(ABSTRACT) 

Recently, competition has increased in the surface coal mining industry, which has 

necessitated the development of more efficient methods for coal removal. Despite 

this trend, very little emphasis has been placed on the development of optimization 

techniques applicable to the surface coal industry. The available methods are inad-

equate in that they recognize neither the complex equipment interactions present in 

a surface mining operation nor the interdependence of overburden removal and spoil 

placement. 

The lack of available techniques prompted the development of a mixed integer model 

to optimize the scheduling of equipment and the distribution of overburden in a typi-

cal mountaintop removal operation. Using this format, a (0-1) integer model and 

transportation model were constructed to determine the optimal equipment schedule 

and optimal overburden distribution, respectively. To solve this mixed integer pro-

gram, the model was partitioned into its binary and real-valued components. Each 

problem was successively solved and their values added to form estimates of the 

value of the mixed integer program. Optimal convergence was indicated when the 

difference between two successive estimates satisfied some pre-specified accuracy 

value. 



The performance of the mixed integer model was tested against actual field data to 

determine its practical applications. To provide the necessary input information, 

production data was obtained from a single seam, mountaintop removal operation 

located in the Appalachian coalfield. As a means of analyzing the resultant equip-

ment schedule, the total idle time was calculated for each machine type and each lift 

location. Also, the final overburden assignments were analyzed by determining the 

distribution of spoil material for various overburden removal productivities. 

Subsequent validation of the mixed integer model was conducted in two distinct 

areas. The first dealt with changes in algorithmic data and their effects on the opti-

mality of the model. The second area concerned variations in problem structure, 

specifically those dealing with changes in problem size and other user-inputed val-

ues, such as equipment productivities or required reclamation. For each of these 

optimal schedules and assignments obtained from the model, analyses were con-

ducted in manner similar to that discussed above. 
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CHAPTER 1 

INTRODUCTION 

Over the past several years, the coal mining industry has been affected by a variety 

of changes which have forced many companies to re-define their operating princi-

ples. In the early seventies, a rapid expansion of mining capacity was undertaken to 

meet the increasing demand for an energy source alternative to oil. As operating 

costs increased during this inflationary period, companies were forced to implement 

more cost effective mining methods while maintaining their production goals. The 

recent slump in ·coal prices, coupled with increasing competition from both foreign 

and domestic producers, has reduced the price of coal and has led to increased 

competition among producers, thus necessitating more efficient methods of coal re-

moval. 

Extensive research has been previously conducted in the optimization of open pit 

mining systems. This work has been very successful in developing optimal solution 

strategies for the areas of production scheduling and ultimate pit analysis. Despite 

the amount of work conducted with reference to the open pit industry, very little em-

phasis has been placed on the development or application of optimization techniques 

in the surface coal mining industry. 
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Those procedures currently available for the open pit industry are not directly appli-

cable to the analysis of surface coal mining operations. The available methodologies 

lack the sophistication to handle complex equipment interactions and are currently 

unable to recognize the interdependence of overburden removal and optimal spoil 

placement. This lack of applicable technology prompted the investigation of new 

techniques for evaluating the performance of surface coal mining systems. 

The objective of this research effort was to develop a mathematical model for opti-

mizing both the scheduling of equipment and the placement of overburden in a typical 

surface mining operation. After examining many different formulations, a mixed in-

teger model was ultimately developed. In its ':urrent format, a binary or (0-1) integer 

program is utilized to develop an optimal equipment schedule and a real-valued 

transportation program is utilized to optimize overburden placement. 

To solve the mixed integer program, the model is first partitioned into its respective 

binary and real-valued components. Each component is then successively solved 

and their values added to form estimates of the value of the mixed integer program. 

Optimal convergence is indicated when the difference between two successive esti-

mates is less than some pre-specified accuracy value. 

The method selected for solving the integer scheduling program is the implicit enu-

meration algorithm developed by Balas (1965) for generalized integer programs. This 

method was chosen over other possible techniques because it conducts fathoming 

tests to identify and discard nonpromising partial solutions. To exploit the pure (0-1) 

integer format, the Extended Geometric Definition Method of Zionts (1972) is incor-

porated to provide strong upper and lower bounding on the decision variables. To 
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improve the efficiency of this technique and hence the solution times, a number of 

modifications were made to the procedure and to the model structure, itself. 

The solution procedure selected for solving the transportation problem is the primal-

dual approach. Although such a technique provides no particular advantage over a 

primal simplex approach in generalized linear programming, the primal-dual method 

is especially effective when applied to transportation problems. This arise.s because 

an initial dual feasible solution (DFS) is easy to obtain and update when necessary. 

The performance of the mixed integer model was tested against actual field data to 

determine its practical applications. To provide the necessary input information, 

production data were obtained from a single seam, mountaintop removal operation 

located in the Appalachian coalfield. An initial analysis of this surface mining opera-

tion was conducted using this information as input. As a means of analyzing the re-

sultant equipment schedule, the total idle time was calculated for each machine type 

and each lift location. Such information was important in identifying possible bottle-

neck operations and hence, areas for future improvement. Also, the final overburden 

assignments were analyzed by determining the distribution of spoil material for vari-

ous overburden removal productivities. This analysis revealed that the distribution 

of spoil volumes could be roughly approximated by a bell curve. 

Subsequent validati.on of the mixed integer model was conducted in two distinct 

areas. The first dealt with changes in algorithmic data and their effects on the opti-

mality of the model. These analyses provided more comprehensive information on 

model performance with regard to a number of criteria. The second area concerned 

variations in problem structure, specifically those dealing with changes in problem 

size and other user-entered values, such as equipment productivities or required 
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reclamation. This approach provided means for the development and analysis of al-

ternative problem designs. For each of these optimal schedules and assignments 

obtained from the model, analyses were conducted in a manner similar to that dis-

cussed above. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Optimal Production Scheduling in the Surface Mining Industry 

An early application in production planning was the development of a scheduling 

model for the taconite industry in Minnesota (Kaas, 1966). It utilized a series of in-

dices based on grindability, magnetic iron concentration, and plant feed concen-

tration. To schedule the power shovels in an optimal manner, the ore mass was 

divided into a series of blocks, each with its own set of indices. With knowledge of 

the desired value for each index, that block with index values closest to the desired 

values was next extracted. The comparison between block indices and desired in-

dices was conducted by using a relative error term 

Relative Error = J[ (M - m)2 + (G - g)2 + (P - p)2] 

where (M,m), (G,g), and (P,p) are the block and desired indices for magnetic iron 

concentration, grindability, and plant concentration. Again, that block with the lowest 

relative error was scheduled next. 
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Another early model formulation for production planning and scheduling was con-

ducted in the _open-pit lignite industry of Germany (Albach, 1967). This model com-

puted the optimal long-range mining plan for a series of lignite operations, such that 

the expected profit was maximized. To increase the applicability of such a model, 

uncertainty was incorporated into the formulation by means of stochastic variables. 

The solution procedure used an existing linear programming (LP) package to exploit 

the convex nature of the objective function. Due to the presence of many non-linear 

constraints, the procedure was relaxed to linearize these expressions. A much sim-

pler model was created, thus permitting an easier solution. 

Optimal production scheduling was further investigated by Johnson (1969) who de-

veloped a linear programming model which maximized profit in an open pit mining 

operation. To effectively handle the size of this linear model, the formulation was 

decomposed into a master problem ~nd a related subprogram. In this format, the 

model was easily solved using a number of available techniques (Gilbert, 1966; 

Johnson, 1968). 

To calculate the maximum profit over a pre-specified planning period, it was first 

necessary to determine a feasible means of extracting the ore body, usually desig-

nated by a series of volumes called blocks. This assumption has been widely used 

in previous mining research as a means of simplifying the description of the ore body, 

its local concentration, and probable refining process (Axelson, 1964; Pana, 1965; 

Erickson and Pana, 1966; Gilbert, 1966). 

Janssen (1969) used a variant of a linear programming algorithm to optimize the 

shipment of iron ore from Canadian mining operations. The objective function se-

lected for this application is a linear expression that maximize.s the total quantity of 
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ore shipped from all operations. To solve this linear model, many methods were in-

itially investigated but subsequently rejected. Some overriding concerns with its 

formulation included the inability to guarantee a feasible solution upon completion, 

as well as the problem of generating an initial feasible solution in canonical format 

due to the heterogeneity of the constraints. The solution method finally selected was 

the Big M method, which was capable of handling infeasible conditions. 

Although the Big M method was found to be successful in handling the infeasibility 

of a partial solution, the author indicated that model degeneracy soon caused prob-

lems with the solution. He further suggested that these problems were easily han-

dled by multiplying the affected constraints by -1, thus changing the direction of the 

inequality. 

A large linear programming model was developed by Kim (1967) who utilized the 

mathematical programming package, IBM MPS 360, for solution of this problem. He 

modeled a larg.e southwestern open pit copper mine to determine the production 

schedule which maximized the amount of copper produced over a pre-specified 

planning period. To effectively control the amount of data needed for a model of this 

size, an executive system was utilized to handle data, matrix, and report generation. 

Using this model, long term decisions regarding copper production were made which 

indicated that management objectives were, in fact, being followed. Subsequent 

parametric analyses indicated that an increase in copper production violated the 

shovel availability constraints, while mill capacity was less affected. This revealed 

that a feasible means of increasing production would be to decrease the working time 

of the shovel. 
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An integrated mine planning and production scheduling model was developed by 

Davies et al (1975) for a beach diamond deposit. A mixed integer model was con-

structed using integer variables to define the overburden removal sequence and 

continuous integers to represent the volume of overburden removed during a specific 

time period. The objective function finally accepted by management involved a 

maximization of diamond carat production over a specified planning horizon. 

The solution technique used was the mixed integer model IBM MPSX-MIP which uses 

a branch and bound algorithm for solution of this problem. The initial form of the 

mixed integer model was too large to be efficiently utilized and thus its size was re-

duced. By actively presetting some of the (0-1) variables, a considerable size re-

duction was seen, not only in the number of binary variables but, also, in the number 

of binary integer constraints. Further reduction was possible by converting certain 

continuous variables to an upper bound on the volume of an overburden block. Such 

modifications took full advantage of the bounded variable product form of the inverse 

which was employed by the MPSX-MIP package. 

Short term production scheduling in an open pit iron mining operation in West Africa 

was discussed by Wilke and Reimer (1977). To accurately model the ore body, they 

utilized a block approach in a manner similar to Axelson (1964) and Johnson (1969). 

A four-digit code was assigned to each block defining its accessibility on each of its 

four sides. Knowledge of this code for each block permitted the current state of the 

ore body to be visualized. At any time period, therefore, the feasibility of any ex-

traction sequence could be determined. 

A linear model was developed to define the optimal production schedule over a 

specified planning horizon. To solve this, the model was decomposed into two parts, 
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the first used for developing optimal production schedules and the second used for 

evaluating the feasibility of that schedule. Letting X1 and Pi represent the amount of 

ore removed from block i and the priority of removing ore from block i, respectively, 

the objective function was constructed in the following manner 

j k 
Maximize z = L X1P1 + L XiP1 

1=1 l=j+1 

where i = 1,2, ... ,j represent all ore bearing blocks and i = j + 1,j + 2, ... ,k represent all 

waste blocks. The priority values were assigned to force the LP model to extract ore 

blocks before waste blocks for pit expansion. Coupled with this objective function 

were constraints that established upper and lower bounds on the quality of the feed 

ore and incoming feed rate. 

Feasibility of the optimal schedule was checked by evaluating the four-digit code for 

each block in the sequence. If an infeasible schedule was found, the priority values, 

P1, were perturbed and the process repeated. 

Optimal production scheduling was also investigated by Fitzgerald (1977) who utilized 

a suite of five programs to optimize the extraction of ore in an open pit mining oper-

ation in western Australia. Using drill hole data and information of the intended 

mining path, a series of zones were established throughout the ore body. With 

knowledge of the permissible ore grade in each zone and the permissible variation 

allowed, an optimal production schedule was generated. 

A goal programming approach to production planning was developed by Jordi and 

Currin (1979), who utilized separable programming to linearize a highly non-linear 

objective function. By utilizing a decomposition procedure, the resulting LP was ef-
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fectively solved through the analyses of many smaller sub-problems. Previously, a 

similar problem was solved by Rozwadowski (1970) who utilized dynamic program-

ming to determine the optimal production schedule. He created a non-linear objec-

tive function to maximize the total net present value of a mining operation as a 

function of both ore tonnage and grade. 

The objective function of Jordi and Currin was established as a linear combination 

of net present value, total net profit, and ore tonnage extracted. Using separable 

programming, priorities were assigned to each term in the objective function with net 

present value having the highest, total net profit having the middle value, and ore 

tonnage extracted having the lowest value. Their results indicate that for a small 

sacrifice in net present value, a larger increase in extracted tonnage can be realized 

before physical constraints become binding. 

A further use of linear programming was applied by Gershon (1982) towards the op-

timal scheduling of mining operations. He introduced his concept of mine scheduling 

optimization (MSO) as the application of linear programming to 

• optimize all aspects of a mine operation. 

• optimize life-of-mine schedules 

• optimize both intermediate and short-term schedules consistent with the life-of-

mine schedule 

• provide efficient means of updating production schedules 

Using mine scheduling optimization, the net present value of the life-of-mine profits 

can be optimized. In determining its optimal solution, MSO considers multiple lifts, 

polymetallic ores, materials handling, and the final processing of the ore. 
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Mine scheduling optimization was extended to the surface mining of coal by Gershon 

(1983c) who initially used linear programming and subsequently a combination of 

mixed integer and linear programming (1983b). Initially used with open pit mining, 

MSO was seen to possess a logical extension to surface coal mining. This is espe-

cially true where the blending of coal is an increasingly important facet of any oper-

ation. It is conceded, however, that such modifications depend on the desired 

objective function, whether it be a cost function, haulage function, or any alternative. 

In view of the available choices for objective functions, serious discussion is required 

to select the most applicable expression for that particular operation. 

Large scale mathematical approaches to mine scheduling were discussed by 

Gershon (1983a) who identified several computational difficulties with current model 

formulations. The first type of model formulation dealt with the development of block 

precedence expressions. In general block precedence is formulated by defining a 

(0-1) variable, Xiik• as follows 

[
1, if block ijk mined ] 

xiik = 
0, otherwise 

In the linear programming approach, a total of nine separate linear constraints must 

be developed to maintain-precedence in 3 dimensions between a block ijk and its 

predecessors. In general, these expressions assume the following format: 

X1m,k-1 - Xiik ~ 0 I = i - 1,i,i + 1 

m = j - 1,j ,j + 1 

with xijk = (0, 1) 
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Although the number of precedence constraints grows rapidly for even a small num-

ber of block~, the constraint matrix exhibits the unimodularity property, in that, all 

decision variables assume values of either 0 or 1. Thus the integrality requirement, 

X1jk = (0, 1 ), can be dropped, and the model solved as a simple, though large, linear 

problem. 

When coupled with MSO, the unimodularity property is lost due to the addition of 

other non-integral constraints. With the loss of unimodularity, partial blocks can be 

mined as long as less material is taken from a given block than is taken from its 

predecessors. Under such conditions, partially extracted blocks may be left overlying 

fully extracted blocks, resulting in an infeasible sequence. 

The integer formulation uses the similar (0-1) variable declaration with the preced-

ence constraint taking the following format 

1+1 ]+1 
k k X1m k -1 - 9Xijk ~ 0 

l=i-1 m=j-1 ' 

The advantages of such an approach include the ability to avoid the infeasibility en-

countered in the LP formulation. In this manner, the integer format forces all blocks 

to be fully extracted before any underlying blocks are affected. A second advantage 

is that the number of constraints per block is reduced from nine to one, thus reducing 

the size of the model. 

The major disadvantage of the integer formulation is its restrictive nature, in that, 

under certain conditions, no solution may exist due to the integrality requirements. 

According to Gershon, this may be true if the blocks are large and the time periods 

short, so that a single block may not be fully extracted within a time period. 
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The mixed integer formulation is a compromise between the linear and integer for-

mats. This model allows for the partial extraction of blocks provided that precedence 

requirements have been previously satisfied. In this regard, therefore, the mixed in-

teger model permits an increase in flexibility for the extraction sequence. A major 

drawback of this method is the poor computational efficiency experienced when 

solving large integer or mixed integer problems. As indicated by Gershon, this diffi-

culty must be surmounted before efficient mine scheduling algorithms can be devel-

oped. 

A second major mathematical formulation discussed by Gershon (1983a) is the di-

rectional model that is applicable to bedded ore deposits (Meyer, 1969). Instead of 

blocks, the ore body be can divided into a series of columns or pillar extending from 

the surface to bottom of the ore body. 

The decision variable, xJ• is continuous, representing the optimal length (mining 

depth) of a pillar,_j, Some integer variables are utilized, however, to distinguish waste 

rock from ore. The major advantage of this formulation is that both the number of 

integer variables and the number of generated columns is greatly reduced. The ma-

jor drawback of this format is its limited applicability, although it does show some 

promise because of its computational efficiency. 

Burgher and Erickson (1984) developed a non-linear model that optimizes the present 

value of a mining operation subject to constraints on equipment availability, ore 

stockpile volume, and reclamation requirements. The non-linear function was 

piece-wise approximated as a linear relationship and solved using the simplex 

method. 
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Medium and long term production scheduling was developed by Wilke et al (1984) as 

a continuation of the research initially conducted by Wilke and Reimer (1977). From 

· the previous work on production scheduling, several characteristics were revealed 

that positively affected the development of medium and long term schedules: 

• Maximum economy is achieved when mining begins from either the highest 

grade or lowest stripping ratio region and proceeds towards the ultimate pit lim-

its. 

• Only specific ore blocks may be available for removal at any given time period. 

• The schedule must avoid extreme variations in productivity among the equipment 

while maintaining the initial size of the pit fleet. 

• The concentrator feed must be accurately monitored to insure that quality and 

quantity requirements are maintained. 

• The field implementation of any schedule must reflect the actual operating con-

ditions found on that site. 

The solution procedure involved a combination of linear programming and simulation 

to satisfy two demands on the scheduling model. 

• The movement of ore and waste at each time period must be optimized. 

• The physical constraints on the open pit mining system must be rigorously fol-

lowed. 

The linear programming phase of the model was used to optimize the movement of 

ore and waste within the mining system. The linear objective expression was a 

function of the tonnage removed from block i, Xi, and the net value per ton of block 

i, Pi, summed over N blocks. 
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N 
Maximize z = :L PiX1 

I= 1 

This formulation insures that only those high valued blocks would removed first. 

The constraints utilized in this model deal primarily with the blending specifications 

of the concentrator, upper bound values on the tonnage from each block, and the 

non-negativity constraints. Precedence and equipment capacity constraints are han-

died by the simulator. 

To determine an optimal production schedule, the authors distinguish between non-

strip ore and free ore. The former is ore where all overlying waste has been re-

moved. This might be considered pit inventory in the surface coal mining industry. 

Free ore, on the other hand, is material which is immediately available for extraction. 

In developing the production schedule, only free ore is considered in the evaluation, 

thus significantly reducing the size of the LP matrix. 

The scheduling algorithm begins by determining the tonnage of the non-strip ore and 

if smaller than required, the extracted tonnage in the previous time period is in-

creased. If the non-strip ore tonnage is satisfactory, the linear program is solved 

using free ore tonnage. This tonnage is accumulated until a prescribed amount of 

free ore is obtained, at which time, simulation begins to model the extraction of the 

selected ore blocks. After successful simulation, ore extraction begins again. 

According to the authors, preliminary experience with the models indicated that good 

correlations exist with actual mining operations. The ability to reduce the LP matrix 
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has also increased its effectiveness and efficiency by reducing the uncertainty asso-

ciated with ore block select.ion. 

A modified dynamic programming (DP) approach to production scheduling was de-

veloped by Zhang et al (1986) whose method combined inventory theory, dynamic 

programming, simulation, and iterative smoothing techniques. The fluctuations in 

waste rock removal over the life-of-mine can be considered as an equivalent inven-

tory problem where the decision variables are required ore tonnage, required waste 

tonnage removed, and the required waste tonnage inventory. To solve this problem, 

a forward dynamic programming algorithm is utilized to determine the optimal 

tonnage to pe stripped in each year. By considering the DP states as different levels 

of removed waste inventory and stages as production years, the optimal stripping 

policy can be determined on the basis of the total discounted cost over the life-of-

mine. 

Using this optimal stripping schedule, the optimal production schedule can be deter-

mined. To accomplish this task, the authors use a two step procedure to first identify 

the mineable blocks of ore before selecting the optimal blocks to extract. To satisfy 

the first step, the following characteristics must hold for each block in the ore body: 

• the block must be located within the ultimate open pit limits 

• the area surrounding the block must be sufficiently wide to permit equipment 

mobility 

• the block must be sufficiently long to satisfy the load-haul operation requirements 

• the extraction sequence must comply with the required shape of the working face 
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Selection of optimal blocks for extraction is conducted by minimizing a nonlinear 

problem which considers waste removal, ore grade in a mineable block, cumulative 

ore and waste removed to date, and the optimal stripping ratio determined from the 

inventory model. Those blocks that satisfy this nonlinear expression are selected as 

optimal. Finally, interactive smoothing is conducted to implement local consider-

ations, such as slope stability, into the mine design. Such smoothing is usually con-

ducted by the mining engineers who are inherently familiar with that particular 

operation. 

Dagdelen and Johnson (1986) utilized lagrangian parameterization to optimize the 

production schedule in an open pit mine. Earlier attempts at this technique included 

Halls et al (1969) and Francois-Bongarcon (1976). 

The fixed tonnage problem as previously developed by Johnson (1969) can be given 

as follows: 

subject to 

xi = (0,1) 

Xi E r[Xil for all i 
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where Ci is the value of block i, Xi is a binary integer which is one if block i is mined 

and zero otherwise, b is the required tonnage, and f[X1] is the set of predecessors 

of block i. 

Using lagrangian parameterization, the previous problem can be re-written in the 

following form 

subject to 

X1 = (0,1) 

where 'V is the lagrangian parameter. Using this formulation, the different values of 

'V can be shown to correspond to different tonnage values extracted from the open 

pit (Everett, 1963). Using this model, the authors have developed a multi-period 

scheduling algorithm that maximizes the discounted value of the extracted ore over 

a specific scheduling horizon. 

Excellent overviews of operations research for production planning· are given by 

Mutmansky (1979), Kim (1979), and Fytas and Calder (1986). In his work, Mutmansky 

illustrates the growing need for operations research in the minerals industry and 

discusses several of the available techniques for solving many of the current pro-

duction scheduling problems. 
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Kim also provides a technical review of production scheduling by describing the 

various factors that must be analyzed to develop an accurate model of a particular 

operation. He further comments on the role of OR techniques in the mining industry 

and gives examples of commercial software available for the solution of many opti-

mization problems. 

Although linear programming has been the most utilized technique for solving very 

large production scheduling problems, Kim states that its effectiveness is somewhat 

limited by several factors. The first deals with the cost of a typical solution on a large 

mainframe system, still estimated to be between $10 and $30 per run. However, re-

cent developments in heuristics and parametric analyses have reduced the impact 

of this limitation. Another hurdle that still remains, however, is the difficulty of for-

mulating an effective objective function for the large LP model. Certain researchers 

have successively circumvented this problem by creating surrogate variables, such 

as priority values, for use in the objective function (Kim, 1967; Wilke and Reimer, 

1977). 

Fytas and Calder (1986) discussed the varied applications of linear programming, in-

teger programming, and dynamic programming. Linear programming, according to 

the authors, is the most common technique utilized for optimizing a production 

schedule in view of the accessibility of efficient solution software. A major disad-

vantage to an LP approach is the restriction on the number of constraints, which tend 

to increase the solution time by the cube of this value. Most common applications 

of linear programming involve handling many thousands of ore blocks. The size of 

the LP can therefore be expected to reach many thousand variables and many thou-

sand constraints. 
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Integer programming, on the other hand, is less frequently used due to the com-

plexity and inefficiency of available solution techniques. In fact, studies have indi-

cated that the solution time of an IP model increases exponentially with the number 

of integer variables. There have been a number of previous attempts at using integer 

programming for production scheduling. In addition to Kim (1967), a rather complex 

mathematical model was developed for ASARCO to optimize long range production 

scheduling (Davis and Williams, 1973; Williams, 1974; and Sims, 1979). The solution 

technique reportedly uses a combination of linear network programming, parametric 

programming, integer programming, and dynamic programming. Finally, Fytas and 

Calder discuss the work of Gangwar (1973, 1982) who developed a binary stochastic 

model for production planning and sequencing. Despite its availability, no 

computer-implemented solution algorithm was ever proposed. 

Dynamic programming is a third technique that has been utilized for production 

scheduling (Roman, 1973; Dowd, 1976; Elbrond et al, 1977; Lizotte et al, 1982; and Yun 

et al, 1982). The major disadvantage with this method is the curse of dimensionality 

which limits the number of stages that can be evaluated at any time period. Another 

drawback, according to Fytas and Calder, is that current models do not account for 

the detailed mineralogy of the ore deposit and therefore cannot accurately model the 

real-world situation in open pit mining. 

To circumvent these difficulties, the authors proposed a hybrid model of linear pro-

gramming and simulation. The LP model is used to optimize the short term pro-

duction schedule while simulation is responsible for allocating sufficient equipment 

to satisfy this schedule. Once the optimal schedule is developed, computer smooth-
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ing is used to correct or update the schedule to account for local operating conditions 

such as haul road construction, pit access, and sump requirements. 

2.2 Optimal Pit Design in the Surface Mining Industry 

One of the earliest attempts at optimizing pit geometry was undertaken by Lerchs and 

Grossmann (1965) who utilized a dynamic programming approach. With knowledge 

of the profit of the ore block in row i and column j, mki• the total profit realized by 

extracting a column with block (i,j) at its base was computed as follows 

i 
M· = ~ mk· IJ k = 1 J 

Using M1J, the values of PiJ were determined as follows 

The values of P1i can be interpreted as the maximum possible contribution of all col-

umns, j, which contain the block (i,j) on its contour. It was noted that the dynamic 

programming approach not only determined the optimum contour but, in addition, all 

alternate optima. These contours were useful in final smoothing of the pit walls to 

eliminate any inconsistencies in slope angle. 

Because the dynamic programming approach became impractical in three dimen-

sions, a graphical approach was developed. By examining the precedence structure 

among the blocks comprising the ore· body, a three dimensional directed graph, G 

= (X,A), could be constructed with sets of vertices X and arcs A. According to the 

authors, any feasible pit contour could be represented by a closure of G, in that, for 
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any set of vertices Y, if vertex x1 belongs to Y and the arc [X1,x1] belongs to A then 

x1 must also belong to Y. If p1 represents the profit from extracting block i and Py is 

the total profit of the vertices Y, then the search for the optimal pit profile reduces to 

maximizing the value of Py in a graph G. 

Ultimate pit analysis was further investigated by Lipkewich and Borgman (1969) who 

utilized two and three dimensional directed graphs to represent block extraction in 

an ore body. As initiated by Lerchs and Grossmann, the authors categorized each 

block, i, by a unit profit value, m1 = v1 - c1, where v1 and c1 are the ore value and 

mining costs, respectively. 

Using the .graphical approach developed by Lerchs and Grossmann, the directed 

graph or tree G is consequently analyzed to determine the presence of either p-edges 

or m-edges (Figure 2.1). A p-edge is an arc that points away from the root node while 

the m-edge points towards that node. The value supported by an edge is sum of the 

unit profits of all vertices furthest from the root. An edge is strong if it is a p-edge 

and the supported value is positive or if it is an m-edge and the supported value is 

negative. The edge is weak if the opposite is true. Therefore, both the p-edge sup-

porting a value of 1.7 and the m-edge supporting a value of -4.2 are strong. On the 

other hand, the p-edge supporting a value of -5.0 and the m-edge supporting a value 

of 1.0 are both termed weak. 

To determine the optimal pit limit with multiple benches, the first layer of ore blocks 

is introduced and normalized by checking first that all strong edges have the root 

node as one of its vertices. For a strong edge not connected to the root node, this 

edge is deleted and a new arc added from the root node to the arrowhead end if it is 

a p-edge or to the tail end if it is an m-edge. The blocks are then consolidated by 
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Figure 2.1 Directed Graph Approach to Optimal Pit Design (After Lerchs and 
Grossman, 1965) 
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removing vertices located on strong branches. The next layer of blocks is added and 

all weak over strong edges modified by removing the strong branches as above. The 

tree is again normalized and the process continued. When all block layers have been 

introduced, the optimal pit limit includes the deleted vertices. 

Two and three dimensional examples were given by Lipkewich and Borgman and in-

dicate that although the former is r71atively straight-forward, the three dimensional 

case of determining the optimal pit limit is rather cumbersome. However, the authors 

indicated that the three dimensional problem more accurately describes the ultimate 

pit profile than its two dimensional counterpart, thus eliminating the need for final pit 

smoothing. 

A linear programming approach to the design of optimum pit limits was discussed 

by Meyer (1969). As indicated previously, he divided the ore body into a number of 

columnar volumes or pillars. The variable, xi represented the maximum length of 

pillar j to be mined, or more precisely, the depth of the final pit profile at pillar j. The 

pit slope angle, ~, was constrained by the following expression which relates the 

mining depth of adjacent pillars to the maximum pit angle. 

Xi - Xi- 1 :::: tan a for j = 2,3, ... ,n - 1 

To distinguish between ore and waste rock in the model, the ore body was approxi-

mated as a piece-wise linear function of horizontal distance. Consequently the ob-

jective function could be written as a linear function representing the profit of 

removing a pillar to depth Xi· This function, subject to the previous constraints, was 

maximized using the simplex method. 
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Although the model was initially developed for the case of a single inclined ore vein 

in two dimensions, modifying the ore-waste function allowed multiple veins to be 

evaluated. Finally, he formulated a three dimensional model, although no computa-

tional experience was given. Meyer suggested that his model would be sufficient for 

solving this problem although he admitted that such a formulation would generally 

not result in the optimal pit limits. To obtain an optimal solution in three dimensions 

would require that all the pillars be considered simultaneously in the procedure. 

Two and three dimensional analysis of the optimal pit limit problem was investigated 

by Johnson and Sharp (1971) who used a dynamic programming approach. The ma-

jor advantage of a three dimensional analysis lies in the pit smoothing which is in-

herent to the procedure. The result from a two dimensional analysis must be 

hand-smoothed and this sometimes results in a non-optimal profile. 

The two dimensional case was extended from Lerchs and Grossmann (1965) to ac-

count for errors found in the original algorithm. Using the corrected two dimensional 

procedure, the authors applied this to the creation of the three dimensional algorithm. 

This process begins by determining the most profitable configuration of blocks as-

suming that one block must be extracted from each level. This is conducted by ap-

plying the two dimensional algorithm for each level, i, on each cross-section, k. As 

before, M;i is the total value of removing a column of blocks with block (i,j) situated 

on the final pit profile. Another factor, Sik• can be determined as the sum of mii over 

all i and j such that block (i,j) is on the optimum contour of cross-section k. S1k can 

therefore be considered as the maximum value of removing blocks down to level i 

on section k. By arranging the values of S1k into columns representing each cross 
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section, the two dimensional procedure can be used on each section, resulting in the 

optimum contour. 

Computational experience indicated that this algorithm provided a re·asonable esti-

mate of the optimum pit contour. Johnson and Sharp also state that the algorithm, 

itself, was amenable to computer implementation although significant increases in 

program efficiency were possible. 

Optimal pit design was also investigated by Robinson and Prenn (1973) who maxi-

mized a net present value function over T scheduling periods. To design the optimal 

pit profile, they utilized the previous work of Lerchs and Grossmann (1965) in deter-

mining the profit associated with a particular closure of vertices. To describe block 

precedence in an efficient manner, geometrical shapes composed of planes and the 

upper portions of circular or elliptical cones were used. These surfaces were used 

to define the predecessor blocks for a particular volume of ore. Operating constraints 

on the open pit mine system, such as allowable pit slope, were defined by a set of 

mathematical expressions comprising these geometrical shapes. 

To determine the maximum closure, the first block is checked for possible inclusion 

into the closure by virtue of its profit value. If positive, the block is included and the 

maximum closure value determined as before. If negative, no closure is found and 

the next block is evaluated. As each new block is investigated, both the closure and 

its value are recalculated, with only the maximum closure value kept. When all 

blocks have been evaluated, the process ends with the value of the maximum closure 

and the optimum pit limit. 
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Baikonurov et al (1977) also investigated the use of graph theory in determining the 

optimal pit profile. A directed graph with vertices V and arcs A, G(V,A), is established 

where the length of each arc represents the difference in an evaluation criterion be-

tween adjacent vertices. Under these conditions, the pit profile problem reduces to 

finding the minimal path length throughout the directed graph. The solution proce-

dure begins by determining the optimal path length in the upper block level followed 

by a subsequent transformation of the tree. This transformation is very similar to the 

procedure used by Lipkewich and Borgman (1969) in which all strong vertices are 

deleted bef9re augmenting the succeeding ore block layers. 

A state-of-the art discussion of optimal pit design was given by Kim (1978), in which 

he divided the current technology of pit design into two categories: rigorous and 

heuristic techniques. The four rigorous methods identified were graph theory (Lerchs 

and Grossmann, 1965 and Chen, 1976) , dynamic programming (Johnson and Mickle, 

1970; Bosman, 1973), linear programming (Meyer, 1966), and network flow theory 

(Johnson, 1968). 

The heuristic approaches included the moving cone method (Pana, 1965), the 

parameterizing function of Francois-Bongarcon and Marechal (1976), and other works 

by Lemieux (1968). A more complete discussion of the various techniques is given 

in Kim's work. 

Crawford (1979) discussed some of the practical applications and limitations on the 

use of open pit limit analysis. He specified the use of four different techniques for 

computer evaluation of the optimal pit profile. 

• Single Run 
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• Non-sequential Runs 

• Sequential Runs 

• Iterative Runs 

The single run was the earliest computer technique used for ultimate pit limit analy-

sis. It consisted of an analysis using the given data for surface topography, mineral 

grade, maximum allowable slope angle, and economic conditions. Presently, single 

runs are combined to form multiple runs that allow the data and its interdependence 

to be altered to achieve the desired results. 

Non-sequential runs are used where the pre-mining data is not expected to have a 

continuous effect on the mining plan. Such situations may arise when the allowable 

pit slope is not held constant but is permitted to vary over the mining area. In this 

case, the pit slope cannot be expressed in the form of a rotating conical form but 

must be described in some non-continuous fashion. In a non-sequential analysis, all 

changes in data have an equal impact on the shape of the final pit. 

The sequential analysis can only be used when the final pit shape can be reasonably 

assumed as conical. The principal advantage is the systematic approach to the 

analysis where the results are directly related to changes in specific variables. As 

each new pit is simply an expansion of the previous one, the computational effort 

required to determine the new pit limit is significantly reduced. 

An iterative approach to the design of the ultimate pit is often used to incorporate net 

present value (NPV) into its calculation. Using this method, the pit limit and the 

mining year of each block are initially determined without regard to NPV. The pit limit 

and the mining year are then re-evaluated with NPV as a consideration. Due to the 
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presence of the discount factor, this pit profile will be smaller than the first iteration. 

The mining years are then recomputed for each block, and if essentially unchanged 

from the previous run, the process stops. If the mining year changes significantly for 

a single block, the pit limit is again analyzed while considering NPV. The process 

again stops when the mining year between two successive iterations is essentially 

unchanged for a single block. 

Dynamic programming was used by Koenigsberg (1982) to determine the optimal 

contours of an open pit mining operation. He assumed that the ore body was com-

posed of a number of rectangular blocks, each of which is identifiable by a set of 

cartesian coordinates, (i,j,k). By introducing two operators, S(ide) and B(ack), the set 

of nearest neighbors for any block in the ore body can be easily determined. Using 

the operators S and B, expressions were determined to define block precedence and 

the maximum allowable pit slope. 

The objective function was then written to relate the value of block (i,j,k), Piik• the net 

value of column (j,k) at level k, M1ik• and the value of the neighbors that can be in-

cluded in the final pit profile, P(S) and P(B): 

Piik = Milk + max {P(S),P(B)} 

Preliminary results indicated that this method was efficient, in that, only small amount 

of data were required at any one stage of the computation. According to the author, 

this is a distinct advantage for implementing this method on a personal computer. 

Barnes and Johnson (1982) discussed the generation of the optimal pit profile by uti-

lizing various bounding techniques. By separating the ore blocks into those that can 
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never be considered and those that might possibly be considered, the total number 

of blocks investigated can be substantially reduced. 

The authors considered seven different bounding techniques for the optimal pit limit 

problem. 

• Block reduction method 

• Placer's bounding method 

• Optimal cross-section method 

• 2 1 /2 -D method 

• Best valued cross-section method 

• Modified best valued cross-section method 

• 3-D bounding method 

The block reduction method and the placer's bound are the easiest to implement but 

do not attain a high quality bound when compared with other techniques. The optimal 

cross section bound uses the procedure of Lerchs and Grossmann (1965). Despite 

the good results obtained, the bounds were still found to be rather loose. The 2 1/2-D 

projection bound and the best valued cross section bound are modifications of the 

optimal cross section method and as such can produce a tighter bound on the final 

pit design. The modified best valued cross section bound is, as the name implies, 

an alteration of the previous technique. It was found to be the most effective algo-

rithm programmed by the authors. Finally, a three dimensional bounding technique 

was found to be the tightest of the investigated bounding procedures. Based on the 

three dimensional technique of Koenigsberg (1982), the pit slope value is over-

constrained in the bounding procedure and through repeated iterations, a very tight 

bound on the final profile is possible. 
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Wilke et al (1984) also investigated the design of the final pit. They used the block 

model used by a number of other investigators (Lerchs and Grossmann, 1965; 

Johnson, 1968; Lipkewich and Borgman, 1969; Johnson and Sfiarp, 1971; and Kim, 

1978). Unlike other algorithms, this procedure accounts for minimum unit profit, 

minimum reserves, and concentrator requirements. 

This algorithm begins by determining an initial pit by extracting only those blocks 

with the highest profit. This pit profile exists in the positive region of the concave 

function shown in Figy,re 2.2. Pit expansion then continues by removing those blocks 

with less incremental profit. Each pit, designated by its tonnage, can be plotted with 

its total profit value. By determining a finite number of these pit profiles, a similar 

graph can be constructed. The optimum pit tonnage is then simply read off the hori-

zontal axis. 

Although block quality is an important basis for the ultimate pit design problem, the 

ore quality required by management is frequently different than that available from 

the ultimate pit design. In such a situation, the authors developed a procedure to 

modify the final profile to account for quality constraints. Simply, those blocks with 

worse qualities are excluded from the final pit while those with good qualities are 

included in the profile. The authors admit that such a technique often results in a less 

optimal pit profile. 

An algorithm for variable pit slope generation was developed by Diering (1984) who 

again utilized a block technique. By designating each block according to its position 

on a three dimensional coordinate grid, up to eight different slope angles could be 

determined. 
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Knowing values of maximum allowable pit depth and a polygonal perimeter, the al-

gorithm begins by removing all material within this polygon to the maximum depth. 

In an iterative manner, blocks are then removed and checked for violation of the 

maximum permissible slope angle. If its removal exceeds the allowable angle, it is 

"refilled" and another block considered. If a partial extraction violates the slope an-

gle, then the block is only partially refilled. 

The major advantage of such a technique is the ability to determine an ultimate pit 

limit using either whole or fractions of ore blocks. This is an advancement over 

conventional pit generation models. The major disadvantage concerns the calculated 

slope between two adjacent blocks. In this model, this value is generally a function 

of the allowable slope angles of one of the blocks. If the other angle is very different, 

• significant error will occur. 

Two and three dimensional optimization of the final pit contour was investigated by 

Braticevic (1984). He utilized a dynamic programming approach similar to Lerchs and 

Grossman (1965) for optimizing the pit contour in two dimensions. Improvements 

were made on the original algorithm to handle varying slope angle and block height. 

He utilized a three dimensional optimization procedure very similar to that developed 

by Johnson and Sharp (1971). This method was used to obtain a preliminary ap-

proximation of the final pit contour before applying an iterative procedure to update 

the slope pattern. With knowledge of the maximum allowable pit slope, suitable in-

crements or decrements could be calculated to obtain a more realistic version of the 

ultimate pit profile. 
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Finally, the determination of optimal pit contours was investigated by Zhang and 

Starfield (1985) who used several dynamic programming algorithms along with a 

user-implemented computer graphics smoothing routine to eliminate rough contours. 

The algorithms of Johnson and Sharp (1971) and Koenigsberg (1982) were utilized to 

determine the initial shape of the optimal pit profile. By representing the contours 

on the computer screen, the profile was then manually smoothed. 

To increase the efficiency of these algorithms, both were slightly modified before 

being interfaced with the smoothing package. The procedure of Johnson and Sharp 

was changed to partially satisfy the geometrical constraints on the longitudinal 

cross-sections of the pit. These changes also helped to increase the computational 

efficiency while maintaining accuracy. A relaxed version of the Koenigsberg algo-

rithm was used with the smoothing routine because the original version was found 

to be overly constrained. The authors suggested that smoothing would be more ef-

fective if a near optimal pit profile was first determined. 

2.3 Miscellaneous Applications in the Surface Mining Industry 

Optimal allocation of haul trucks in an open pit mining operation was investigated by 

Hauck (1979). He discussed the two categories of truck allocation in the mining 

system: fixed and variable. Fixed assignment states that a specific number of trucks 

is to be assigned to a particular shovel, while variable assignment allocates trucks 

on the basis of the shovel performance. 

Fixed allocation is usually determined by either cost (Dessureault and Galibois, 1973) 

or production. Allocating by cost involves solution of a steady state linear program-
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ming problem which determines the optimal proportion of trucks to shovels. On the 

other hand, production assignment partitions the truck fleet according to haul times. 

Unlike other assignment policies, fixed allocation tends to be the worst-case example 

of truck assignment. This is due to random delays in the haulage cycle which force 

one haul truck to move closer to its successor. When tailgating begins, the two 

trucks act as a single unit and this destroys the premise of fixed allocation. 

According to Hauck, variable assignment is a key to the optimal dispatching of haul 

trucks; as this permits the time-dependent nature of the scheduling problem to be 

exploited. Furthermore, equipment productivities are necessarily stochastic, thus 

reflecting the uncertainty in the decision process. Therefore, the format for optimal 

control of haul trucks must be a closed loop system. 

A pure integer problem was created to solve the optimal allocation problem. The 

objective function was a linear combination of terms to minimize the total waiting and 

haulage times of each of the trucks. Constraints were formulated to control the allo-

cation of trucks to a specific shovel. Although linear programming was initially seen 

as a possible solution technique, it became apparent that the coefficient matrix lacked 

unimodularity and thus other techniques had to be investigated. Dynamic program-

ming was also seen as a possible solution procedure in efforts to handle the combi-

natorial nature of the scheduling problem. However, preliminary use indicated that 

dynamic programming was too cumbersome and inefficient when applied to this 

problem. 

The procedure finally selected involved a combination of linear and dynamic pro-

gramming (Hauck, 1976) using the prior work of Howson and Sancho (1973). To de-

termine the optimal allocation strategy, an optimal LP solution was calculated for the 
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objective function given earlier. Using this optimal partition, dynamic programming 

was utilized to to solve a series of assignment problems over a particular scheduling 

horizon. 

Optimal haulage control in open pit mining was also investigated by Vasil'ev et al 

(1981). They developed a series of linear functions to control the various aspects of 

production transport, such as ore grade, ton-miles hauled from all pits and 

transhippment stations, and the total cost of ore haulage. A number of expressions 

were also constructed to properly constrain the objective functions. These con-

straints restricted pit output, tonnage of waste rock, ore grade sent to the 

concentrator, number of trucks utilized, and equipment availability. 

Each linear function or module was solved using the simplex method and the results 

from one used as the input for the next. If unfulfilled requirements were discovered 

in one module, operating parameters were altered to bring that stage into compli-

ance. If an infeasible solution at one stage was found, information in the preceding 

stage is altered and that problem re-solved. 

Gibson and Mooney (1982) utilized mathematical programming techniques to opti-

mize equipment size, mining technique, and pit width for large surface coal mining 

operations. Mooney and Gibson used a nonlinear programming approach to optimize 

the size of a large walking dragline operating with simple side casting and side 

casting with _extended benching. A series of linear and nonlinear constraints were 

developed to relate dragline size to pit geometry and optimal operating character-

istics. Two objective functions were developed to minimize either mining time or unit 

cost per ton of coal removed. 
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This non-linear system was solved using the flexible tolerance algorithm of 

Himmelblau (1972). This direct search procedure begins from an initial point and 

proceeds until a pre-specified tolerance is met on the objective function. This sol-

ution is then stored and can be used as the starting point for the next iteration. Be-

cause this technique does not guarantee that necessary and sufficient conditions will 

be met, the mine plan must be altered several times to insure that a best solution is 

found. 

Mooney and Gibson (1982) utilized a dynamic programming approach to determine 

the pit width and size of dragline required to optimally uncover coal in a dipping seam 

situation. The nonlinear objective function incorporated the dragline bucket size, 8, 

chopdown height on the bench, d', dragline boom length, b, and the width of the i-th 

pit, w1, to minimize the total cumulative mining time at the i-th pit. Linear and non-

linear constraints were also constructed to reflect the actual operating conditions. 

Examination of the constraint matrix revealed its block diagonal format, thus sug-

gesting a possible decomposition approach. Although the convenient solution was 

to divide the program into a series of expressions, one for each pit, such a format 

was found to be inadequate when considering the linkage variables 8, d', b, and w1• 

A number of other procedures were investigated by the authors before deciding on 

a two layer decomposition approach, in which optimal pit widths were calculated in 

the first layer and the optimal dragline characteristics, 8, d', b, and w1 determined in 

the second layer. Recent experience with this approach indicated that it avoided the 

computational difficulties encountered with other techniques. 
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Solution of the first layer was enacted by a modified dynamic programming approach 

in which a penalty function was used to reduce or limit infeasibility in this level. Al-

though this penalty method was proven quite effective, the authors conceded that 

more refinement was needed to produce a better penalty value. To solve the second 

layer of the decomposed model, the flexible tolerance algorithm was again utilized. 

The optimal value was determined by searching over all feasible values of B, d', and 

b in efforts to minimize the cumulative mining time. 

Optimal selection of truck fleet size was discussed by Mooney and Gibson (1983) as 

a facet of the computer oriented mine planning system, SEAMPLAN. The objective 

function was a non-linear expression which related number of shovels of type j, 

n5 (j), the dipper size for shovel j, xd(j), the boom length for shovel j, xb(j), the number 

of trucks of type i assigned to shovel j, nt(i,j), the payload of truck i, Yp(i), horsepower 

of truck i, Yh(i), the number of trucks, Nt, and the number of shovels, N5 • 

Minimize Z = f [ n;, x~, x~, N;, y~, y~J 

These terms represent the optimal values for these quantities. Constraints were also 

developed to satisfy demand, the balance between truck and shovel productivities, 

and working bench heights. 

The solution of this objective function involved the simultaneous solution of a com-

binatorial and a continuous variable problem. This effectively partitioned the solution 

procedure into two distinct levels. The first was used to determine the optimal ma-

chine capacities subject to the necessary physical restrictions. This level used the 

flexible tolerance algorithm of Himmelblau (1972) to optimize the capacities. The 
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second level used the capacities found in the first level and determined the optimal 

configuration of the equipment fleets. 

The solution procedure at level two consisted of two nested knapsack problems, the 

first of which was used to determine the optimal truck. fleet for each shovel. The 

second knapsack problem was solved to determine the number of shovels required 

to meet the specified productivity. The knapsack problems are solved using the 

·shortest route network algorithm. 

2.4 The Need for Optimizing Surface Coal Mining Systems 

Sufficient research has been previously conducted in the optimization of open pit 

mining systems. This work has been very successful in identifying specific problem 

areas such as production scheduling and ultimate pit analysis. · Further, much time 

and effort has been spent in suggesting possible solution techniques. Despite the 

amount of work conducted with reference to the open pit industry and with the ex-

ception of some work described here, very little emphasis has been placed on de-

veloping or applying optimization techniques in the surface coal mining industry. 

The optimization procedures available for the open pit industry are not directly ap-

plicable to surface coal mining. Possibly the most noticeable inadequacy involves 

their handling of waste ore/overburden once it is removed from the block. Current 

techniques do not consider the ultimate destination of this material. Irr open pit 

mining, this is usually no concern as it is dumped in a pre-specified spoil area. 

However, surface coal mining is particularly influenced by the movement of overbur-

den throughout its operation. The 1977 Surface Coal Mining and Reclamation Act and 
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more recently, the state-sponsored permanent regulatory programs, specify guide-

lines and requirements for ttie placement of overburden to recreate the approximate 

original contour (AOC) of each surface mining operation. Although operations utiliz-

ing large immobile stripping equipment have, for the most part, pre-assigned spoiling 

schemes, this is not true for some of the eastern and western mining operations 

which use highly mobile stripping/loading/hauling equipment. Their spoiling re-

quirements possess a high degree of flexibility that can permit a change in mining 

plan to improve some measure of performance. As most optimization techniques 

were developed for open pit mining operations, it is not surprising that the movement 

of overburden within the mining operation is not considered. 

As illustrated previously, the application of production scheduling in open pit mining 

is a very well documented facet of operations research. In most cases, the algo-

rithms deal with an ore body on a block basis with each block assigned a profit value 

depending on ore value and extraction costs. A more accurate procedure, on the 

other hand, would include equipment interactions such as wait and ·idle times. How-

ever, open pit mines operate on a huge scale and thus it is probably correct to as-

sume that sufficient equipment capacity exists for block removal and that wait times 

are negligible. Consequently, these techniques need not consider the interaction of 

various pieces of equipment when removing that block. 

In surface coal mining, however, the operations exist on a much smaller scale and 

thus sufficient equipment capacity for any unit operation may not be a valid assump-

tion. In this instance, equipment interactions become very important in determining 

the optimal production schedule. For this reason, optimization techniques for surface 
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coal mining must be able to account for equipment interaction within the mining cy-

cle. 

Current techniques lack the sophistication to handle equipment interaction and are 

currently unable to recognize the interdependence of overburden removal and opti-

mal spoil placement. This emphasizes the need to develop new methods for opti-

mizing the performance of surface coal mines. 
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CHAPTER 3 

DEVELOPMENT OF THE MINE SCHEDULING MODEL 

3.1 Preliminary Assumptions 

Surface coal mining is the process by which a shallow coal deposit is exploited. It 

involves the removal of the overlying rock or overburden and subsequent extraction 

of the underlying coal seam. Surface coal mining, in this country and abroad, as-

sumes many different formats depending on local geology and topography. Regard-

less of the method employed, surface coal mining is composed of a series of jobs or 

unit operations which define the production cycle. The jobs, shown below, are al-

ways completed in the following order and are usually not preempted. 

Unit Operations in Surface Mining System 
Bench drilling and blasting 
Overburden removal 
Coal removal 

In actual practice, other unit operations, such as topsoil removal, bench preparation, 

and reclamation grading, do exist in the cycle, but their presence is assumed to play 
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a minor role in the scheduling of equipment in a surface mining operation. Further-

more, their processing times are difficult to generalize, as they are often related to 

the local mining conditions. For this reason, they are not handled in this investi-

gation. 

In developing this model, it is assumed that multiple production units can exist and 

can operate simultaneously. A production unit is defined as a group of mining ma-

chines which works in unison to drill overburden, remove the material, and load the 

coal. For simplicity, a production unit is composed of one or more drills, one front-

end-loader, a fleet of haul trucks, a coal loader, and two dozers. Coal haulage is as-

sumed to be contracted to another party and thus is independent of the mining cycle. 

Surface mine planning and analysis, in general, deals with the allocation of equip-

ment and other resources over a pre-specified planning horizon. An analysis of this 

type, however, is often difficult due to complex equipment-location interactions. In 

an effort to avoid these difficulties, the concepts .of lift and fill cell are employed. By 

definition, a lift is the smallest volume of overburden that is affected by one complete 

cycle of the unit operations, p. In actual practice, the size of a lift is determined by 

a variety of factors, such as equipment capabilities, surface topography, and safety 

concerns for the workers. By utilizing this concept, it is possible to represent any 

mining operation as a series of lifts which approximate the original topography. 

The fill cell or cell is similar to a lift. Where a lift is a solid volume of overburden that 

must be extracted to uncover the coal, a cell is an empty volume that must be filled 

by overburden spoiling to satisfy the final reclamation plan. Overburden is therefore 

hauled by trucks from a lift to one or more cells. Lifts and cells are assumed to co-
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incide on the mine property so that once a lift is removed, it's location eventually 

becomes a fill cell. 

As illustrated in Figure 3.1, a simple single seam surface coal mining operation is 

depicted where the overburden volume is divided into a series of lifts. By referencing 

all locations on a 3-dimensional coordinate grid as (x,y,z), the absolute and relative 

positions of each lift and cell are known. With this knowledge, a series of ex-

pressions have been developed to control both lift extraction and job sequencing. 

Such relationships serve a two-fold purpose. One is to create a model that more re-

alistically reflects the actual operating conditions at many surface coal mining oper-

ations. The second purpose is to reduce the number of possible permutations that 

may arise when scheduling equipment on lifts. 

It is apparent that the movement of overburden in a surface mining operation can be 

represented as a simple transportation problem with many sources (lifts) and many 

sinks (cells). In this case, the availability of sinks for a particular source depends 

upon the lift extraction sequence to that point in time. By varying this sequence, it 

is possible to change the location and thus the haul distance for the fill cells available 

to a lift. Due to these variations, the time required to completely extract a lift also 

changes. Therefore, the processing time for the overburden removal operation 

varies with the lift extraction sequence and must be updated as the sequence 

changes. 

Using these concepts, optimal mine performance can be considered as a combination 

of two concepts. The first deals with the optimal scheduling of equipment to the lifts 

or more precisely, the optimal overburden extraction sequence. For purposes of this 

analysis, a time-based performance measure is used to minimize the completion time 
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(makespan) for removing all lifts on the mine property. The minimal makespan value, 

which yields minimum idle or wait time can be considered to represent the most ef-

ficient sequence of unit operations on the lifts. The second concept that contributes 

to optimal mine operation is optimal overburden transport. Because this operation 

is one of the most time consuming in the surface mining system, it makes good sense 

to concentrate remedial effort in this area. As stated previously, the processing times 

for this operation vary with lift sequence and thus must be updated for each new 

schedule. Therefore, the problem of optimizing the performance of a surface mining 

system involves the optimization of both equipment/lift scheduling and overburden 

transport. 

3.2 The Mine Scheduling Model 

A mathematical formulation of the equipment/lift scl:1eduling and the overburden 

transport Problem (P) is as follows. Let 

T 

N 

= [1 if operation p begins on lift I in period t] 

0 otherwise 

= volume of overburden hauled from lift I to fill cell c 

= number of time periods 

= number of lifts (cells) 

= volume of lift I and fill cell c, respectively 

= set of all lifts (cells), (1, ... , N) 

X,Y,Z = maximum values for x, y, and z, respectively, which represent lift 

location 

ap1 = processing time (time periods) of operation p on lift I 
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ept• sp1 = earliest, latest access times of operation p on lift I 

S1L 
. (P) min S = "L tx1u + "L "L k1cV1c 

t = e1L IE'l' CE'l' 
(1) 

subject to 

"Lxptt ~ 1 for p = 1,2,3; t = 1, ... ,T 
IEljl 

sp1 

"L Xpit = 1 for p = 1,2,3; I = 1, ... , N 
t= eP1 

Spl S(p+1)1 

(2) 

(3) 

"L txptt + ap1 ~ "L tx(p+ 1)tt for p = 1,2; I = 1, ... , N 
t= eP1 t= e(p+ 1)1 

(4) 

S2(xy,z-1) 

L tx2(xy,z -1 )t + a2(xy,z -1) 
t = e2(xy,z-1) 

Sp(xyz) S1(x,y-1,z) 

L tx1(xyz)t ::2: max L tx1(x,y-1,z)t + a1(x,y-1,z) 
t = ep(xyz) t = e1(x,y-1,zl 

S1(x+2,y- 1,z) 

L tx1(x+2,y-1,z)t + a1(x+2,y-1,z) 
t = e1(x+2,y-1,z) 

t t 

for all x, y, z (5) 

"L Xptq + "L Xpkr ~ 1 for p = 1,2,3; l,k E 'I'; epk ~ t ~ Spk (6) 
q=t- aP1 r=t- apk 

s3c 
"LV1c =We L X3cr for c = 1, ... ,N; c *I (7) 

le'l' r = e3c 

S21 

"L Vic = W, "L X21b for I = 1, ... , N; I * c 
CE'l' b= e21 

(8) 

Xplt = (0, 1); Vic ::2: 0 
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This problem is designated (P). The first term of the objective function (1) represents 

the makespan or completion time value. In. this formulation, the lift L denotes a 

dummy lift that is accessed only after all lifts are completely extracted. Thus, when 

job 1 is scheduled on lift L at time t, that period is the makespan value. To reduce 

the range oft in the first term of (P), the summation occurs from the earliest access 

time, e1L, to the latest access time, s1L. Calculation of these values will be discussed 

in a later section. 

The second term of the objective function represents the movement or distribution 

of overburden in the surface mining operation. To maintain continuity in the objective 

function, the units of the second term must also be time-based. The term k1c is a 

constant that reflects the productivity of the overburden removal operation when 

moving material from lift I to fill cell c. Naturally, there will be a value of k1c for all I 

and c = 1, ... ,N. The units of k1c are time/volume and are necessary due to its product 

with the volume term, Vic· 

As the second term is time-based, this expression is simply the total time required 

to haul the volumes of all lifts I to the appropriate fill cells c. It is important, however, 

to realize that the value of this term must necessarily be included in the makespan 

formulation. Its value is related to the sum of all processing times for operation 2, 
N 
l: a21 • These values are reflected in Equations (4) and (5) and must, therefore, be 

1=1 

utilized in calculating the makespan value. 

The transportation term is restricted by observing that the earliest time at which ma-

terial can be hauled from lift I to cell c is the earliest time at which both are available. 

For instance, if operation 2 is scheduled on I at time q and operation 3 is completed 
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on c at time r, then the earliest time for hauling from I to c is 

t = max{qlx21q = 1; r + a3clx3cr = 1}. 

Constraints (2) and (3) restrict the scheduling of operation p to once per time period 

and at most once per lift, respectively. Constraints (4) and (5) refer to job and lift 

precedence, respectively. Although not explicitly stated, constraint (2) is modified 

by noting that its summation is correct only for those lifts accessed by the same 

production unit. In this case, constraint (2) prevents job-splitting for an operation p. 

This expression is not valid whe~ the summatio~ occurs over lifts, I, affected by dif-

ferent production units. In this case, these lifts can be processed in parallel because 

2 machines exist for the same operation p. The validity of expression (2) is restricted 

to those lifts affected by the same pieces of equipment. Job precedence controls the 

actual scheduling of jobs p on lifts I, and insures that job p is completely finished 

before job p :+ 1 is scheduled. Without such a constraint, job preemption would be 

possible, thus violating one of the initial assumptions. 

Constraint (5) controls lift precedence within the mining cycle. By representing each 

lift as a set of coordinates (x,y,z}, it is possible to accurately and efficiently define its 

position within the lift system. With prudent use of these expressions, it was possible 

to both reflect actual mining conditions and reduce the number of possible permuta-

tions examined to find the optimal solution. 

In developing the lift precedence expressions, it was assumed that lift extraction 

generally occurs in the +y direction, which forces the highwall to move in the +x 

direction. Specifying these directions a priori, removes the uncertainty of extracting 

lifts in multiple directions and thus facilitates construction of the precedence con-

straints. It is believed that such an assumption does not contradict common mining 
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sense, in ,that any contrary mining plan would necessarily arise from purely site 

specific conditions. This model cannot account for all local conditions and therefore 

must generalize wherever necessary. 

The set of predecessor lifts is developed by assuming the existence of three different 

precedence formats (Figures 3.2 and 3.3). As shown by the first expression of the 

right-hand side on (5), vertical precedence is established by forcing an upper lift to 

be removed before an underlying block. Although operation 2 is given as the prede-

cessor operation, this is only true in the single seam case. For multiple seams, op-

eration 3 must be completed before the underlying lift is removed. This is the only 

lift precedence constraint which varies with the number of seams; as all others re-

main unchanged. 

The second and third constraints enforce horizontal precedence along the y axis. 

Although this is a direct consequence of the second expression, horizontal movement 

is further constrained by the third constraint, which forces each two-block movement 

in the x-direction to be preceded by a comparable move in the + y direction. This 

permits extraction in the + x direction, but only after lift removal in the + y direction. 

Early attempts at model formulation used x-axis precedence instead of the current 

hybrid constraint and this was adequate for a small number of lifts. As the number 

of lifts grew, however, the number of possible permutations also grew rapidly. In ef-

forts to limit the eventual size of the scheduling problem, the tighter hybrid constraint 

was imposed in its place. Such a constraint was deemed consistent with accepted 

mining practice, so that many illogical extraction patterns are avoided. 
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Figure 3.2 Vertical {z) and Horizontal (y) Lift Precedence 
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As shown in Figure 3.4, the situation may sometime arise where no available pre-

cedence constraint is binding on a lift or set of lifts. In this case, no precedence 

· constraint is applicable to those indicated lift volumes. Without a constraint to bind 

their scheduling times, such lifts could be removed at the start of mining, which is 

physically impossible. To prevent this occurrence, x-axis precedence is utilized in 

this case. 

S1 (xyz) S1 (x- 1,y:z) 

L tx1(xyz)t ~ L tx1(x-1,yz)t + a1(x-1,yz) 
t = e1(xyzl t = e1(x-1,yz) 

(9) 

These lift precedence constraints have been formulated to conform with accepted 

mining practice. Other than the first constraint, which provides physical limitations 

on lift extraction, the remaining constraints avoid the generation of illogical se-

quences. Although sufficient flexibility must be maintained in the model, actual 

practice dictates that unlimited freedom does not exist and that some order must be · 

maintained in developing a lift extraction sequence. 

Constraint (6), restricts equipment movement between lifts, as opposed to job pre-

cedence represented in Constraint (4). If p is currently being performed on lift k at 

some time period r, then due to constraint (3), the second term of (6) is at most one. 

To preserve the inequality of (6), job p, therefore, cannot be scheduled on I at time 

q. A similar use of this constraint form is seen in Pritsker et al (1969). The overall 

effect of this expression is to insure that no job p is scheduled on a lift I while the 

same job is being performed on another lift, k. 

Constraints (7) and (8) represent the overburden transport facet of the Problem (P). 

They are very similar to capacitated transportation expressions, in that they control 
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the overburden volume that is hauled to each cell and from each lift. The time sum-

mation of constraint (7) is developed in a manner similar to that used for the second 

term of the objective function. The value of r is restricted to r' ~ r ~ T where r' =max 

{q + a3c; k I x21k = 1} and (e3c ~ q ~ s3c I x3cq = 1). Simply, the earliest time material 

can be hauled from lift I to cell c is that time where both coal loading is finished at 

cell c (q + a3c I x3cq = 1) and overburden removal is scheduled on lift I (x21 k = 1). A 

similar statement can be made regarding constraint (8) where b is restricted to 

b' ~ b ~ T where b' = max{q; k + a3c I x3ck = 1} and (e21 ~ q ~ s21 I x21q = 1). 
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Chapter 4 

HEURISTIC DECOMPOSITION OF THE MINE SCHEDULING 

MODEL 

4.1 Introduction 

The formulation of the mine scheduling Problem (P) results in a mixed integer pro-

gram in which the integer component represents equipment/lift scheduling and the 

continuous part represents overburden transport. Although Problem (P) can be han-

dled in its mixed integer format, the process of enumerating all possible solutions 

quickly becomes prohibitive for even a small number of lifts. 

A possible means of handling the inherent size of the mine scheduling model is to 

decompose or partition Problem (P) into its respective integer and continuous com-

ponents. The obvious advantage of this approach is that it is necessary to manipulate 

only two smaller linear programs, rather than struggling with one potentially very 

large mixed integer program. A second benefit to partitioning a mixed integer prob-

lem is closely related to the first one and this deals with the ease of solution. In some 

cases, the chances of solving the mixed integer problem are nonexistent due to its 
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size or complexity, while the solution of the separate elements may, in fact, be more 

appealing. A major disadvantage of decomposing the mixed integer problem con-

cerns the final optimality requirements. In its original state, the mixed integer prob-

lem can be solved by any applicable algorithm, thus guaranteeing the optimality of its 

final solution. In solving a partitioned problem, however, it is important to maintain 

communication between all sub-problems so that optimality, or at. least near opti-

mality, is insured. 

4.2 Review of Previous Applications 

As previously stated, a major problem encountered in solving the mixed integer 

Problem (P) is enumerating all possible solutions. Using duality theory, however, the 

mixed integer problem can be replaced by an equivalent integer problem. The dis-

advantage of this approach lies in computing all constraints on this resultant integer 

program. According to duality theory, the number of constraints must equal the 

number of extreme points or extreme rays in the solution space, which is many in-

stances is a very large number. 

The Benders' Decomposition approach circumvents this difficulty by utilizing only a 

manageable subset of the integer program's constraint set. As new constraints are 

generated at each iteration, only those that are binding to the objective function are 

maintained, while the remainder are only implicitly evaluated (Salkin, 1975). This 

partitioning scheme first decomposes the mixed integer problem into an integer 

program and a linear program, each of which is solved in succession. Solution of the 

linear problem yields two pieces of information: it generates an extreme point or ray 

which is transformed into a constraint for the subsequent integer problem and it 
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provides an upper bound on the value of the mixed integer Problem (P). The corre-

sponding lower bound is obtained by solving the integer problem with the added 

constraints. Optimality occurs when the upper and lower bounds converge to the 

same value, or at least within an epsilon value of each other. 

There exist many previous applications of Benders' Decomposition in solving mixed 

integer problems. Balinski and Wolfe (1963) used this scheme to solve the uncapac-

itated plant location problem. Their derivation proved exceptional because the de-

composed problem was solved by inspection, without the use of complex 

mathematical algorithms. Since that time, other investigators have included 

Geoffrion and Graves (1974) who utilized this method for the solution of a mixed in-

teger, multi-commodity distribution model. Although they investigated other possible 

solution procedures, no available package could handle the intended size of their 

model, estimated at nearly 730 (0-1) variables and 24000 continuous variables. 

Noonan and Giglio (1977) and Bloom (1983) constructed nonlinear models to optimize 

long term electric power generation. Using the Benders' Decomposition approach, 

their solutions were solved in two stages. The first stage solved a relaxed optimiza-

tion problem which provided loose guidelines for construction of future generating 

stations. The second stage was used to solve the more restricted optimization 

problem, which improved upon the relaxed solution. Clasen (1984) used the Benders' 

Decomposition approach to solve a chemical equilibrium problem. Although initial 

results were satisfactory, computational experience indicated that best results were 

obtained when the linear problem was sub-optimized. 

Van Roy (1986) utilized a combination of Benders' Decomposition and Lagrangian 

relaxation to solve the capacitated facility location problem. The hybrid method, 
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termed cross decomposition, involves repetitive solutions of a transportation model 

and a simple plant location problem. Finally, excellent descriptions of the theory and 

development of the Benders' Decomposition procedure are given in Lasdon (1970), 

Taha (1975b), Salkin (1975), and Murty (1976). 

4.3 Ineffectiveness of Benders' Decomposition on Problem (P) 

From the successful applications documented in the literature, the Benders' Decom-

position technique was initially seen as a viable approach for solving the mine 

scheduling problem. Despite its appeal, however, early experience indicated that its 

use was not directly applicable in this case. Discussion of these difficulties is facili-

tated by applying the decomposition to (P). 

Following the classical application of the Benders' Decomposition technique, Prob-

lem (P) can be rewritten in the form of an ordinary linear Program (L). 

(L) 

subject to: 

min y = l: l: k1cV1c 
le'I' ce'I' 

5 3c 

l:V1c =We r X3cr for c = 1, ... ,N 
le'I' r = e30 

5 21 
L Vic = W1 l: x21b for I = 1, ... ,N 

CE'I' b = e21 

(10) 

( 11) 

(12) 

The application of Benders' Decomposition to the Problem (P) requires derivation of 

the dual (D) of program (L) with dual variables ac and ~1 . 
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sk s~ 

(D) max w = l:: acWc l:: x3cr + l:: j31W1 l:: x21 b 
CE'l' r = e3c .. IE'l' b = e21 

(13) 

subject to 

ac + J31 = k1c for l,c = 1, ... ,N (14) 

ac, J31 unrestricted in sign 

As seen from the structure of (D), its solution space is independent of the binary 

variable, XpJt· Thus, the dual optimum will be found at one of the extreme points 

{(ag1, J3f"), m = 1, ... ,M} of the dual solution space. In this derivation, M is the finite 

number of extreme points present in the dual solution space. 

The mixed integer Problem (P) can now be written in its equivalent integer form. 

(15) 

where m = 1,2, ... ,M. 

As before, the linear problem generates one extreme point (am, 13m) which yields a 

constraint for the integer problem. If only a fraction of the total extreme points have 

been investigated at iteration k, then 1 :5:: k :5:: M. Problem (Pm) is now expressed in 

the following way. 

minz 

subject to 
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and constraints (2)-(6) 

The constraints of (Pk) are known as the Benders' cuts and are responsible for parti-

tioning the integer solution space to promote convergence. When k = M, then (Pk) 

is equivalent to (Pm) and therefore solves the mixed integer Problem (P). 

One problem in applying Benders' Decomposition to the mine scheduling problem 

lies in the ineffectiveness of the Benders' Cut generated at each iteration, k. Notice 

that the summation terms, LX3cr and Lx21 b, are equal to one, by application of con-

straint (2). This makes the second and third terms independent of time and hence 

constant at any particular iteration. The Benders' Cut reduces to the first summation, 
S1L 

L tx1u, plus the two remaining constant terms. This cut is, therefore, ineffective in 
t= e1L 

partitioning the solution space, due to the constant terms. Consequently, conver-

gence may be unpredictable under these conditions. 

Another problem exists in the solution of the linear problem (l). From complemen-

tary slackness properties, knowledge of the dual variables, ac and ~ 1 • is sufficient to 

determine the primal variables, V1c, and vice versa. Using the values of V1c, the 

processing times for overburden removal can be determined. 

N 
a21 = L k1cV1c for all I = 1, ... ,N 

c=1. 

It is apparent that every solution to the linear problem calculates a new set of proc-

essing times for overburden removal. Use of these updated times in solving the (0-1) 
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integer model changes both size and the dimensionality of the integer constraints. 

The solution space of the integer problem changes with each iteration, and conse-

quently, the generated Benders' Cut becomes much less effective. 

Although certain changes to Problem (P) could have resulted in a stronger, more 

meaningful Benders' Cut, the advantages gained by such an approach were out-

weighed by the increase in size and complexity of the model. The final decision, 

therefore, was to keep the present model format, in hopes of developing an efficient 

procedure for solving the mine scheduling problem. 

4.4 Heuristic Decomposition of Problem (P) 

Due to irregularity of the integer solution space, conventional decomposition alga-

rithms were deemed to be inadequate for solving Problem (P). A heuristic technique, 

similar to the Benders' Decomposition, was, therefore, developed to exploit its 

structure. As developed previously, Problem (P) can be separated into the linear 

problem (L) and an integer model, denoted by (M). 

(M) 

subject to constraints (2)-(6). 

S1L 

min z = l: tx1Lt 
t= e1L 

Using the values of a21 , for all I = 1, ... , N, Problem (M) can be solved for the machine 

schedule and the corresponding optimal makespan, z*. With this schedule, Problem 

(L) is then solved to obtain the optimal problem value, y*, and the associated vol-

umes, Vic· As before, these values are then used to update the processing times, 
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a21 • This process continues by using these updated times' to construct a new machine 

schedule with makespan z·, which leads to a new i and values of Vic• and so on. 

For any point in the iterative process such that Problem (M) has just been solved, 

values must exist for y·, and z*. In this case, an initial estimate, E1, on the magnitude 

of Problem (P) is simply the summation of z*, and y·. Solution of the linear model (L) 

now yields a new value of l. plus a set of updated processing times, thus creating 

a second estimate of (P), E2 = z* + l. The process ends when I E1 - E2 I ~ o. Using 

this information, an algorithm is now developed to solve model (P). This heuristic 

decomposition is illustrated in Figure 4.1. 

Algorithm (A1) 

Step 0: Initialize the following parameters: 

a21 forall I= 1, ... ,N 

y· = 0, k = 0, 0 ;:;::: 0 

Step 1: k = k + 1 

Step 2: 

Step 3: 

Solve Problem (M) subject to Constraints (2)-(6) for z and Xplt• Designate the 

optimal values as (z*, X). Set E1 = z* + l. If I E1 - E2 I ~ o, then goto Step 

4, otherwise continue. 

Solve Problem (L) for y and Vic· Designate the optimal values as (y·, V). Set 

E2 = z· + y·. If I E1 - E2 I ~ 8, then goto Step 4, otherwise continue. 
N 

Set a21 = l: k1cV1c I = 1, ... ,N. 
c=1 

Goto Step 1. 

Step 4: Denote the optimal solution to (P) as (X,V). 

The convergence of (A1), although not mathematically assured, is intuitively obvious 

from the mechanism of this algorithm. Assume that the optimal value of z* is found 
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schedule 
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Figure 4.1 Flowchart for Heuristic Decomposition 
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by using the current magnitudes of a21 • Using these values, y* and a corresponding 

overburden transport scheme are subsequently determined. By updating the values 

of a21 for the next iteration, the characteristics of the previous schedule are implicitly 

transferred to the subsequent schedule. In other words, the processing times and, 

therefore, the values of z* and y* tend to stabilize after several iterations. When there 

is no difference between successive values of E1 and E2, it is apparent that no further 

iterations need be conducted, as the makespan or overburden transport values will 

remain unchanged in the future. It is assumed that the process has, therefore, con-

verged to an optimum solution. 

65 



CHAPTER 5 

SOLUTION TECHNIQUES FOR THE TWO-STAGE 

OPTIMIZATION PROCEDURE 

5.1 Size Reduction For Problems (M) and (L) 

In considering possible solution procedures for Problems (M) and (L), several factors 

were considered. The first involved the development of a software package capable 

of solving the mixed integer optimization Problem (P) on a personal or microcom-

puter equipped with a minimum RAM capacity. It was felt that microcomputer level 

software would be of immense value to the mining industry and to field engineers in 

particular. Such individuals usually have no direct access to large mainframe sys-

tems and thus must rely on a personal computer for most of their computational 

needs. To be compatible and efficient on a personal computer, such solution tech-

niques must possess both minimum RAM requirements and reasonable solution 

times. 

The control of problem size is also a consideration in determining possible solution 

techniques. In its present format, the number of (0-1) variables increases in approx-
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imate proportion to the number of lifts in the system, N, and the number of time pe-

riods in the planning horizon, T. Given this information, it appears that problem size 

can be decreased by increasing the length of each time period. However, the affect 

is not only a decrease in the number of time periods, but also a reduction in the 

sensitivity of the model. In the same manner, the value of N is decreased by in-

creasing the size of the lifts in the system, but again, this leads to a decrease in 

problem sensitivity. Despite the possibilities of controlling problem size merely by 

manipulating the values of N and T, such changes did not produce the magnitude of 

reduction that was necessary to permit an efficient solution on a microcomputer. 

The preliminary plan was to designate a variable Xpit for all operations p on all lifts I 

over all time periods t, thus resulting in [pit] (0-1) variables. For a medium sized 

problem with 3 operations, 10 lifts, and 100 time periods, the model would be required 

to process 3000 binary variables. For a larger problem, the number would increase 

as the product of N and T. To accommodate the increased number of binary variables 

in the scheduling model, it was decided, instead, to preset the (0-1) variables, Xplt• by 

considering only a subset of T. By reducing the number of time periods over which 

each combination of (p,I) is scheduled, dramatic reductions in problem size were ac-

complished. 

Presetting the binary variables is conducted by considering the earliest, epl• and lat-

est access, spl• time period for every p scheduled on I. In considering the subsets 

of T, ep1 :s: t :s: sp1, only those time periods are considered which may be available for 

a particular c~mbination of p and I. The values of eP1 and sp1 are the minimum and 

maximum amount of time required to access a lift I, so that an operation p can be 

feasibly scheduled at that location. 
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A scheme for calculating values of ep1 can be developed by examining the minimal 

extraction sequence required to expose that lift I. Because the minimal sequence is 

desired, only those lifts that necessarily must be removed constitute the minimal se-

quence. This is done by examining all lifts, n * I, in the system and determining if 

n constitutes part of the minimal sequence. 

The minimal extraction sequence consists of the smallest set of lifts n that must be 

removed to expose a lift I. Within this minimal set, only those lifts in the principle 

precedence directions, as given in Constraint (5), directly determine the earliest ac-

cess time of an operation p on a lift I. According to lift precedence, these lifts form the 

set of immediate predecessors of lift I, p1, and thus must be extracted prior to ac-

cessing I. 

Because those lifts in p1 form the set of predecessors to I, it is apparent that the ear-

liest scheduling time of operation 1 on lift I is given by the maximum completion time 

of a job p on a lift I e p1. The value of p depends on the position of lift n relative to lift 

I, in that p = 1 for horizontal arrangements, p = 2 for vertical arrangements with no 

coal seam present, and p = 3 for vertical arrangements with a coal seam present. The 

lift, n, which possesses the maximum time is turned the critical lift, n·. From e11 , the 

values of eP1 for p = 2 and 3 are calculated in the following manner, where lift k is 

an element of p1, is affected by the same production unit as I. 

e21 = max{e11 + a11 ' e2k + a2k} 

e31 = max{e21 + a21 ' e3k + a3k} 

These expressions illustrate that the earliest time an operation p can be scheduled 

is the latest (maximum) at which both the previous operation p-1 is completed on lift 

I and operation p is completed on a predecessor lift k. 
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Given that the minimal set is composed only of lifts satisfying the three dimensional 

precedence requirements, the earliest access time for any operation 1 on a lift I can 

be determined in the following manner. 

Algorithm ( A2) 

Define the following for a lift I: 

p1 = set of immediate predecessors of lift I 

n· = [n e p1 I max(epn + ap0 )]. where p is dependent upon the relative posi-

tions of I and n. 

k = a lift e p1 affected by similar production unit as lift I. 

Step 0: Initialize n = 0 

Step 1: n = n + 1 

if n > N then STOP else determine p1 and n·. 

if p1 = q> then goto Step 2 else goto Step 3 

Step 2: e11 = 1 

e21 = 1 + a11 

e31 = { oo, if a31 = O; e21 + a21 , otherwise }, 

Goto Step 1. 

Step 3: e11 = epn" + apn" 

e21 = max{e11 + a11 ; e2k + a2k} 

e31 = oo, if a31 = O; max{e21 + a21 ; e3k + a3k otherwise} 

Goto Step 1. 

Determination of the latest access times for every operation p on a lift I, Spl• requires 

derivation of the maximal extraction set, u1• The maximal extraction set contains the 

greatest number of lifts, n, that can be extracted before lift I must be accessed and 
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is defined by a series of mathematical expressions, which relate the three-

dimensional positions of a lift n, (nx, ny, nz) to that of a lift I, (Ix, ly, lz)· 

• 
• 
• 
• 

nx ~ Ix -1 and ny ~ Y and nz ~ Z 

nx = Ix and ny ~ ly -1 and nz ~ Z 

nx = Ix and ny = ly and nz < lz 

nx = Ix + 1 and ny ~ ly - 1 and nz ~ Z 

By ordering the lifts according to increasing values of x, y, and z coordinates, a 

maximal sequence can be constructed by examining, in order, all lifts which fit the 

previous descriptions. Although many sequences are possible by manipulating the 

elements of the maximal set, constructing this set in the previous manner is much 

easier and less time consuming. Experience has proven that this method can provide 

quick estimates of the latest access times. 

Unlike the minimal set, however, the elements of the maximal extraction set do not 

strictly adhere to lift precedence expressions. For this reason, the relationship be-

tween operation 2 on lift n and operation 1 on lift I cannot be followed at all times and 
. 

therefore, the values of sp1 cannot be calculated directly from the latest access times 

in the maximal set. 

The method utilized to determine the values of sp1 is based on the construction of a 

sequence using the elements of the maximal extraction set, u1• When considering an 

extraction sequence in three dimensions, it is obvious that the movement from lift to 

lift occurs in either one, two, or three dimensions. Figure 5.1 illustrates the concept 

of a two and three dimensional move. A one dimensional move is defined as one 

which strictly follows the lift precedence format. In this way, a one dimensional move 
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Figure 5.1 Examples of Two and Three Dimensional Moves 
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can occur in the z, y, (x + 2,y-1), or x directions. Although not a true one dimensional 

move, the direction (x + 2,y-1) is classified as such because it strictly follows a lift 

precedence expression given in Equation (5). A two dimensional move occurs be-

tween adjacent set elements in u1, b(i) and b(i + 1), when their x coordinates are 

similar and their y and z coordinates are different. A move from element b(i) = (x,y,z) 

to element b(i + 1) = (x,y + 1,z) is not considered a two dimensional move, but a one 

dimensional move because this strictly follows a lift precedence expression. A three 

dimensional move between b(i) and b(i + 1) occurs when the x-coordinates of b(i) and 

b(i + 1) are equal and their y coordinates are different. There is no restriction on the 

z-coordinate values of b(i) and b(i + 1 ). A move from (x,y,z) to (x + 2,y-1,z) is not a 

three dimensional move, but a one dimensional move, (x + 2,y-1 ), as specified in a lift 

precedence expression. 

The values of s11 , s21 , and s31 are calculated from the maximal extraction set by de-

termining the move type between adjacent set members. Because lift precedence is 

not strictly followed in all moves, cumulative time indices are maintained for each 

operation p. Designating c1, c2, and c3 as the indices for operations 1, 2, and 3, re-

spectively, expressions are developed to relate move type to index value. 

The latest access times must consider the moves which occur between two lifts 

which are affected by different production units. In this case, an operation p can be 

performed simultaneously on each lift, as described in Chapter 3. Such a move is 

said to occur between parallel lifts. This is opposed to a move between series lifts, 

where the production units are similar. 

Because a one dimensional move from b(i) to b(i + 1) strictly follows lift precedence, 

the effect of parallel lifts is unimportant. The indices are updated by evaluating the 
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coordinates of lift b(i) and lift b(i + 1). If they indicate a move in the +z-direction, then 

c1 is related to the completion time of operation 2 on the upper lift, b(i). If, however, 

coal is present under b(I), then c1 is related to the completion of operation 3 on b(i). 

In the first case c1 = c2 + a2b(i)• else c1 = c3 + a3b(i)· The first expression is used for 

all other varieties of a one dimensional move. The remaining indices are calculated 

as c2 = c1 + a1b(l+ 1) and c3 = c2 + a2b(l+ 1), if applicable. 

For two and three dimensional moves, the lift precedence relations between oper-

ations 2 or 3 on lift b(i) and operation 1 on the succeeding lift b(i + 1) are not valid and 

thus the only reference is operation 1 on lift b(i). Further, the production unit, d, does 

affect the index value in this case and must therefore, be taken into consideration. 

This is illustrated in Figure 5.2, where successive lifts b(i) and b(i + 1) are designated 

as lift 'A' aQ.d lift 'B', respectively. For a move between parallel lifts, equipment 

availability is no factor and thus the value of c1 is unchanged. For scheduling oper-

ations 2 and 3 on lift B, the indices c2 and c3 are calculated as c2 = c1 + a18 and 

c3 = c2 + a28• For series lifts, however, equipment availability is a concern and for 

scheduling operations 1, 2, and 3 on lift B, c1 = c1 + a1A, c2 = max { c1 + a18, 

c2 + a2A, and c3 = max { c2 + a28, c3 + a3A }. 

The index values are updated for moves between adjacent set elements until b(i) is 

equal to the last element in the list. The final move is between b(i) and b(i + 1) =lift 

I. Again, the move type is determined as either one, two, or three dimensional and 

the value of sp1 determined in the appropriate manner. The values of sp1 are deter-

mined as s11 = c1, s21 = c2, and s31 = c3• 

With this information, an algorithm is developed to calculate the latest access times, 

spl• for p = 1,2,3 on a lift I = 1, ... ,N. 
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Figure 5.2 Examples of Parallel and Series Lifts 
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Algorithm (A3) 

Define the following for a lift I: 

M = number of lifts defining the maximal extraction set 

u1 = set of lifts, b(i), in the maximal set, i = 1,2, ... ,N 

Step 1: Set i=1. Initialize 

C1 = 1 

C2 = C1 + a1b(i) 

C3 = C2 + a2b(i) 

Step 2: Determine if the move from b(i) to b(i + 1) constitutes a one, two, or three 

dimensional move. If the move is one dimensional, goto Step 3 else goto 

Step 4. 

Step 3: If the move from b(i) to b(i + 1) is in + z direction and a3b(i) =I= 0, then set 

C1 = C3 + a1b(i+1) 

otherwise set 

C1 = C2 + a2b(i) 

Step 3a: Continue setting 

C2 = C1 + a1 b(i + 1) 

C3 = C2 + a2b(I+ 1) 

Goto Step 5. 

Step 4: If lifts b(i) to b(i + 1) are in parallel then set 

c1 = unchanged 

C2 = C1 + ab(i+1) 

C3 = C2 + a2b(i+1) 

else set 

C1 = C1 + a1b(i) 
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c3 = max{c2 + a28(1+ 1)• c3 + a3B(1)}· 

Step 5: If i ::f: M, then set i = i + 1 and goto Step 2, otherwise goto Step 6. 

Step 6: Set 

s31 ={co, if a31 = 0; c3, otherwise}, 

STOP 

5.2 Solution of Problem (M) 

5.2.1 Theoretical Considerations of the IP Problem 

An integer problem (IP) is a linear program (LP) which finds a set of non-negative 

inte€)er variables to optimize a linear function, subject to a group of linear constraints 

(Salkin, 1975). 

(IP) 

subject to 

l: d1igi s: b1 i = 1, ... ,n 
jeN 

gi :<!: 0 and integer where N is the set of all integer values. A zero-one or binary in-

teger problem is similar to above except that all gl = (0, 1 ). 

Although generalized linear programming algorithms can sometimes be used in in-

teger programming applications (Dantzig, 1959), this is not always possible. In fact, 
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the vast majority of IP models cannot be solved by any other means except through 

specialized algorithms. As a means of categorizing integer programming techniques, 

the principal methods are loosely grouped into cutting plane methods and 

enumerative methods (Salkin, 1975). 

Cutting methods are used to generate supplemental constraints from the existing 

integrality requirements of a linear program, such that the optimal solution has an 

integral value. Given the solution space of an LP model, these cutting planes cut off 

portions of this space such that no integral feasible points are excluded (Figure 5.3). 

In this diagram, the initial feasible region is given by the polyhedron ABCDE. After 

cutting planes G' and G" are added, the feasible region is reduced to ABCGHIE. Al-

though there exist an infinite number of ways to cut a linear solution space, the con-

vergence of many cutting algorithms insures that only a finite number of cuts need 

be applied. 

Cutting plane methods, in general, can be grouped into dual cutting techniques and 

primal cutting techniques (Taha, 1975b). Dual cutting plane methods were initially 

constructed from values listed in the simplex tableau (Gomory, 1958). Despite proof 

of convergence in a finite number of steps, this early method was shown to be very 

susceptible to machine round-off error. This method was later modified to reduce its 

susceptibility to round-off error (Gomory, 1960). Other dual cutting methods were in-

troduced by Glover (1965a), Young (1971), Balas (1971), Balas et al (1971), and Glover 

(1973). 

One of disadvantages of a dual cutting method is that the solution remains dual fea-

sible until the optimum is obtained. If the computations are ended prematurely, no 
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Figure 5.3 Cuts in an Integer Solution Space (After Salkin, 1975) 
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information is retained regarding the progress of the primal solution. Primal cutting 

methods circumvent this difficulty by working in with primal values (Taha, 1975b). 

Primal cutting techniques were first developed by Ben-Israel and Charnes (1962). 

This method, however, required the solution of an auxiliary integer problem, which 

was often difficult to implement. Young (1965) proposed a different algorithm which 

avoided the solution of an auxiliary problem. This method was cumbersome and 

difficult to implement. Glover (1967) later developed a primal-dual algorithm which 

combined the techniques of Gomory and Young. Subsequent developments were 

made by Glover (1968) and Young (1968). 

Computational experience using either dual or primal cutting methods is rare. The 

existing literature does indicate, however, that efficiency is very dependent upon the 

computer code and the structure of the integer problem. In some instances, a simple 

rearrangement of the constraints often provides a marked increase in efficiency. 

(Martin, 1963; Trauth and Woolsey, 1969). Although the literature indicates that strong 

cuts can be developed, experience indicates that only the first few applications of the 

algorithm produce any significant improvement in reaching the optimum. Subse-

quent use produces little improvement due to the effects of machine round-off error 

(Taha, 1975b). 

Enumerative techniques are used to develop, either explicitly or implicitly, all possi-

ble solutions for a particular integer program. The drawback to this approach is that 

the number of possible solution~ is often quite large, even for a small problem. Ex-

plicit enumeration is, therefore, a rather naive method for solving an integer program. 

An alternative is to implicitly evaluate all possible solutions. In this way, certain rules 

are used to indicate, a priori, whether a set of decision variables will ultimately 
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produce an improved solution. If implicit enumeration is to be computationally at-

tractive, then the rules must be sufficient to remove most of the non-promising inte-

ger points. 

Enumerative algorithms are most often represented as trees composed of nodes and 

branches. A node corresponds to a variable g1, whereas a branch links the node n1 

with the succeeding node n1+ 1• The latter is defined from g1 by selecting a non-basic 

variable, g1+ 1, to enter the solution basis (Figure 5.4). For the generalized integer 

program, the new basic variable, g1+ 1• can take on many integer values, thus there 

may be many branches emanating from node n1, one for each possible value (Salkin, 

1975). As more variables are added to the solution basis, nodes are added to the 

enumeration tree and branches established accordingly. 

For an integer program with n variables, 2" possible variable combinations exist and 

thus the enumeration tree must also evaluate 2" nodes to determine an optimal sol-

ution. For even a small integer problem, the time necessary to evaluate all nodes 

would quickly become prohibitive. 

To efficiently evaluate all possible solutions for an integer program, most 

enumerative techniques utilize a branch-and-bound scheme to control the number of 

nodes that must be established and evaluated. The concept of branching suggests 

a partitioning of the integer solution space into a series of sub-spaces or sub-

problems. This branching must be conducted so that every possible integer solution 

is defined. As each branch is generated, an upper or lower bound is calculated for 

the possible value of the objective function (Taha, 1975b). These bounds are neces-

sary to rank the subset solutions to find the optimal integer solution. 
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A branch-and-bound scheme serves to implicitly enumerate the integer solution 

space by dropping many sub-problems from further consideration. For each branch 

in the enumeration tree, either an upper or lower bound on the value of the objective 

function is determined by some rule. Branching next occurs from that node with the 

largest upper bound, for a maximization problem, or with the smallest lower bound, 

for a minimization problem. This process continues until a feasible integer solution 

is found. 

All remaining unexamined sub-problems are then evaluated according to the maxi-

mum upper or minimum lower bound. If, at some time, a lower bound exceeds the 

best feasible solution or the solution exceeds the upper bound, then no continuation 

along that branch will result in an improved feasible solution. At this point, that 

branch is "fathomed" and can be ignored in all future calculations. By fathoming 

branches, the branch-and-bound scheme conducts implicit enumeration by evaluat-

ing some, but not all, of the possible solutions. 

A branch-and-bound enumeration scheme was first utilized by Land and Doig (1960) 

to solve the mixed integer program (MIP). 

(MIP) minimize z = ag + by 

subject to 

Ax +Bys: c 

g ;;:::; 0 and integer, y ;;:::; 0 
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The Land-Doig algorithm first solves the relaxed, or non-integral optimum, version 

of the mixed integer program. Every variable, gk, with a non-integral value, g~. in the 

relaxed solution is replaced by an upper and lower value. The upper value is the 

smallest integer greater than gk, designated by [g~] + while the lower value is the 

largest integer smaller than gk, which is given by [g~]. Branching then occurs by 

allowing either [g~] or [g~] + 1 to enter the solution basis and resolving the relaxed 

linear program. 

It can be proved that the solution of the relaxed program with [g;J in the solution 

basis is, in fact, an upper bound on all variables gk < [g~J, while the solution with 

[g;J + 1 in the basis is an upper bound for all integers gk > [g;J + 1. Because the 

two upper bounds exist, it is-sufficient to branch in the manner specified above with-

out bypassing any feasible points in the solution space (Taha, 1975b). 

The Land-Doig algorithm was modified by Dakin (1965) who introduced a more effi-

cient branching scheme. Rules for node selection, branching, and the use of penal-

ties were discussed by Spielberg (1968), Beale and Small (1965), Tomlin (1970, 1971), 

and Salkin (1975). 

Because the solution of large scale branch-and-bound problems is beyond the ca-

pacity of many available computer codes, heuristics are often utilized for node se-

lection and branching within the enumeration tree (Forrest et al, 1974). The heuristics 

for node selection include best projection criterion, pseudo-costs criterion, and the 

percentage error criterion. The first method ranks the available nodes according to 

the projected objective value of a solution generated from this node. The node with 

the largest projected value is then examined for possible branching. Computational 

experience indicates that it is extremely effective in quickly locating an near optimal 
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solution (Taha, 1975b). The pseudocosts criterion examines the cost of forcing a 

non-integral value to an integral value. Pseudocosts are initially estimated for each 

integer variable, gl, and for each integral value, [gj] and [gj] + 1. That node with 

the minimum cost is then selected for branching. The percentage-error criterion is 

defined as a function of the pseudocosts and a known lower bound. The node se-

lected for branching is that with the largest negative error. 

Heuristics for selection of a branching variable involve assigning priorities to all 

non-basic integer variables. The assignment is usually conducted by the user, in 

that, some knowledge of the program and its real-world application must be available. 

The variable selected for branching is that with the highest priority. Another means 

of ranking the integer variables is through their objective function coefficients. Such 

a ranking is acceptable only if the coefficients reflect the actual utilization and im-

portance of each variable. 

Zero-one implicit enumeration is equivalent to an all integer enumeration because 

any integer variable gl can be written as the sum of zero-one variables, hi, using 

powers of 2 as coefficients (Zionts, 1974). 

i-1 gj = h1 + 2h2 + 4h3 + ... + 2 h; 

Thus, all integer and zero-one integer methods may be used interchangeably. 

The generalized zero-one (binary) integer program can be written as follows (Zionts, 

1974): 

n 
minimize z = L c1gl 

1=1 
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subject to 

n 
:E a11.gi· ::;; bi i = 1, ... ,m 

j = 1 

gj = (0, 1) 

Zero-one enumeration algorithms conduct a tree search over all 2n possible sol-

utions. As with the generalized branch-and-bound technique, a zero-one enumer-

ation procedure constructs a tree of nodes and branches. Each node corresponds to 

a particular value of gi, while a branch connects adjacent nodes through some spe-

cific branching rule. During the enumeration, the binary variables exist in three pas-

sible states: fixed at a value of zero, fixed at a value of one, or free (not in the 

solution basis). A variable, gi, is set to one during a "forward step" from node nJ _ 1, 

which creates node, nJ. Assuming there exist n' free variables after variable gi is set 

to one, n' branches from node nJ are permissible. On a forward step from n1, one of 

then' free variables, gJ+ 1, is set to one, leaving n'-1 free variables. Nodes are 

added in this manner until the entire subproblem with n' -1 free variables is solved. 

At this point gJ+ 1 is set to zero and another branch selected. When all branches from 

node nJ have been investigated, gi and all subsequent variables on the tree are freed 

and a backward step occurs to node n1_ 1• The search ends when all 2n solutions 

have been investigated (Lemke and Spielberg, 1967). 

Early zero-one enumeration algorithms were developed by Glover (1965b) and 

Geoffrion (1967). These algorit~ms were general in nature and therefore could be 

applied to any type of binary integer optimization problem. Glover's enumeration 

scheme was later modified by Tuan (1971) who developed an improved method for 

determining the best branching node. Rather than scanning all partial solutions in a 
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LIFO (last-in.first-out) rule, this new method recognized that entry order into the sol-

ution basis was unimportant in determining the branching node. 

There has been much work conducted towards improving implicit enumeration algo-

rithms for specialized applications. Taha (1975a) developed a scheme for the zero-

one fractional (hyperbolic) programming problem. This was an extension and 

modification of the work completed by Florian and Robillard (1971). Computational 

results indicated that the zero-one fractional program cou.ld be solved effectively in 

a minimal time. Large scale zero-one integer programming has been investigated 

by Crowder, Johnson, and Padberg (1983). With problem sizes up to 2750 variables, 

they developed an optimization package using the IBM linear programming system 

in combination with the IBM branch-and-bound system. This hybrid package uses 

cutting plane and branch-and-bound techniques along with problem preprocessing 

and constraint generation to provide efficient solutions to those zero-one problems 

which exhibit no special structure. Similar results were stated in Crowder and 

Padberg (1980). Martin and Sweeney (1983) utilized the concept of special ordered 

sets (SOS) to solve large binary integer problems. Making use of this theory, as 

discussed by Beale and Tomlin (1970) and Tomlin (1970), the number of integer vari-

ables was reduced, therefore providing a quicker solution time. 

The method selected for solving Problem (M) is the implicit enumeration algorithm 

developed by Balas (1965) and later modified by Glover and Zionts (1965) and Zionts 

(1972). This method was chosen over other possible techniques because it conducts 

fathoming tests to identify and discard nonpromising partial solutions, thus reducing 

the total solution time. 
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Balas' problem is defined by a set of zero-one variables, gi, and non-negative cost 

coefficients, ci.i e N = 1, ... ,n. 

subject to 

minimize z = .I cigi 
JEN 

IaiJg1· + y1 = b1 ieM = 1, ... ,m 
jEN 

xi= (0,1) and y1 ~ 0 

For a minimization problem as shown above, Balas' enumeration scheme checks if 

a partial solution at iteration t, Jt, has a feasible completion or if a feasible completion 

will lead to an improved solution, z. Both ideas result in a backward move or back-

tracking because the partial solution Jt is fathomed. If Jt is not fathomed by any of 

these means, then a forward move occurs by setting one or more variables, gi, to a 

value of one. 

To intelligently select variables to enter the solution basis, a number of tests are 

available (Taha, 1975b). Defining 

If, at iteration t, the slack variable, yf, is less than zero, then obviously 

bi - . I aiigJ < 0, where gJ is a free variable, designated by N - Jt. Setting any free 
JE N-Jt 

variable to one in this case will only worsen the infeasibility, and thus all variables in 

this case must be discarded as nonpromising and incapable of reducing the existing 

infeasibility in the partial solution, Jt. 
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Define Ni = N - Jt - At. If N = Ni is the empty set, then no variables exist that can 

be set to a value of one, and thus the branch corresponding to Jt is fathomed. This 

results in a backward step or backtracking. If Ni is non-empty, then define 

Bt = {j e Ni I zt + cJ ;;:: Zmin}, where zt is the value of the partial solution and Zmin is the 

best solution obtained so far. The set Bt defines all gi that can be set to one. As 

these variables satisfy zt + cJ ;;:: Zmin• they can be discarded as nonpromising, as their 

addition to the solution basis will only exceed the minimum objective value. 

Define Nf = Ni - Bt· As the set Ni describes those free variables which can be set 

to one, and Bt describes the set of free variables which result in a cost infeasibility, 

then Nf represents those variables which can ultimately be considered for inclusion 

into the basis. If the set Nf is empty, then backtracking must occur, as no free vari-

ables exist which can be set to one. If Nf is non-empty, then define the set 

Ct = {i e MI y~ < 0, l: aji > y~} 
Je N~ 

where a1j = min(a1J,O). If the set Ct is not empty, then at least one slack remains in-

feasible and the branch corresponding to the partial solution Jt is therefore fathomed. 

If Ct is empty, then some variable gJ can be added to the partial solution. 

This test has been redefined by Glover and Zionts (1965), who realized that when the 

set Ct is empty and Jt augmented, a less optimal solution may result. They suggested 

that the set Dt instead be used. 
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if Dt = Nf, then Jt must be fathomed, as setting any xj E Dt to one violates the objec-

tive function value by more than the permissible amount. 

After determining the members of the preceding sets, a free variable gt, r E Nf is 

selected to enter the solution basis. Select that gi which possesses the minimum 

infeasibility. 

where 

vj = max {vi} 
j E Nf 

vj = }: min{O, y~ - aii} 
IEM 

In this manner, the variable augmented to Jt is that gj which minimizes the infeasi-

bility to the objective function. In adding gi to the partial solution, a forward move 

occurs and a node added. Since the tests do not allow an inferior solution, the new 

partial solution must yield a more optimal value of Zmin· 

Modifications of Balas' algorithm were made by Zionts (1972) as part of an investi-

gation to unify all existing integer linear programming techniques. The major 

changes made to the original algorithm include the use of the Extended Geometric 

Definition Method to compute upper and lower bounds on the primal variables 

(Zionts, 1969). These bounds are consequently used to determine which variables 

should be added to the solution basis. 

The basis of the Extended Geometric Definition Method assumes that every variable 

Xplt in a linear program contains both an upper bound u~1t and a lower bound hplt such 

that hpit ~ Xpit ~ uplt· For the binary format of Problem (M), the lower and upper 
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bounds correspond to 0 and 1, respectively. To develop the upper and lower 

bounding expressions, express the constraints of (M) as the generalized sum of 

positive and negative terms, where x' is the slack variable. 

(17) 

In this expression, the variable t is positive, being a measure of time. For purposes 

of future derivation, however, the magnitude oft will be considered less than or equal 

to zero, due to the preceding negative sign. Using this format, the upper and lower 

bound expressions on the slack variable x' can be written (Zionts, 1969). 

Smk 

u' = aq1 - l: t 
t= emk 

(18) 

Sql 

h' = max{O , aq1 - l: r} 
r= eq1 

(19) 

Letting < x> = min g ;;;::; x; g integer and (x) = max g ~ x; g integer, similar ex-

pressions can be developed to compute the upper and lower bounds for non-basic 

variables, Xpig· 

aql 1 [ 5 ql ] max{O, <- - - l: r + u' >} 
g g r= eq1 

for g > 0 , r =I= g 

(20) 

max{O, <-q- - - l: t + h' >} · a 1 1 [ 5 mk ] 

g g t= emk 
for g < 0 , t =I= g 
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( aql - ·-1 [ 5:t t + h']) for g > 0 , t * g 
g g t= emk 

Uplg = 

aql 1 [ 5
ql ] (- - - ~ r + u' ) 

g g r= eq1 
for g < 0, r * g 

(21) 

The results of these expressions are used to generate upper and lower bounds on the 

binary variables. Knowledge of these bounds ·permits certain variables to be implic-

itly evaluated concerning a zero or one value. All variables Xpit with lower bounds in 

the range 0 < hpit ::;; 1 and an upper bound in the range 0 ::;; uplt < 1, are set to 1 and 

0, respectively. Should uplt < 0 or hpit > 1, then the present partial solution Jt is in-

feasible and a backward move is taken. If all uplt ~ 1 and all hpit ::;; 0, at any iteration, 

no tighter bounds are available and other measures must be taken to introduce a 

variable Xpit into the solution basis. 

Because the number of variables added to the solution basis and the number of par-

tial solutions Jt can sometimes be quite large, a labeling scheme is regularly utilized 

as a bookkeeping device. The partial solution is often represented as a single vector 

composed of those variables fixed or specified to either 0 or 1. By convention, the 

right-most element in the vector is the most recently added variable to the partial 

solution. A variable Xpit is assigned a label ' - ' or '+' if it is fixed at O or 1, res pee-

tively, after evaluating the bound expressions given earlier. A label of'++' means 

that no tighter bounds were available and the variable Xpit was added to the partial 

solution on the basis of some choice rules. The label '--' is not used in this algorithm. 

Similar labeling schemes were previously utilized by Balas (1965), Geoffrion (1967), 

Glover (1965b), and Graves and Whinston (1968). 
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The implicit algorithm of Zionts can be generalized in the following steps. 

1. Add a constraint of the form 

S1L 

L tX1Lt :S: Z - µwhere 0 :S: µ :S: e1L 
• t= e1L 

where z is currently the best makespan solution available. 

2. Use Equations (18)-(21) to generate upper and lower bounds for each variable, 

Xplt• is every constraint. 

a. if 0 < hpit :s: 1 for some variable xplt• then Xpit is implied to be 1 in all contin-

uations of the partial solution. Add Xpit + to the current partial solution. 

b. if hpit > 1 is discovered, then no feasible continuation exists. Goto Step 4. 

c. if 0 :s: upit < 1 for some variable Xplt• then Xpit is implied to be 0 in all contin-

uations of the partial solution. Add Xpit - to the current partial solution. 

d. if Upit < 0 is discovered, then no feasible continuation exists. Goto Step 4. 

e. If all remaining uplt are greater than 1 and all hpit less than or equal to 0, then 

no tighter bounds are available. Goto Step 3. 

3. Add that free variable_ x' pit to the partial solution which minimizes the amount by 

which all the constraints are violated, such that 

where the summation occurs over all constraints. In this case, J't is union of the 

partial solution set Jt and the free variable x' pit· Set that variable Xpit' = 1 with the 

label '+ + '. Goto Step 2. 

4. Consider the current partial solution Jt. Find the right most element with a label 

'+ + ', xplt + +, and delete all variables to the right of it. Set Xpit to zero, assign 
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it a label of ' - ' and Goto Step 1. If no element Xpit + + exists in Jt, then the im-

plicit enumeration is complete and the optimal solution is Jt with a value of z*. 

The implicit enumeration algorithm begins by computing upper and lower bounds for 

each variable in the constraints. As dictated by their bounds, these variables are set 

to either 1 with a label of'+' or 0 with a label of'-'. When no tighter bounds are 

possible, a variable is selected to enter the solution basis which minimizes the re-

sulting infeasibility. It is set to a value of 1 with a label of'+ + '. This represents a 

branch in the enumeration tree. More nodes are added in accordance with the pre-

vious rules until that branch is fathomed either by illogical bounds or by completion 

of a feasible solution. A backward step is then taken to the nearest solution member 

with the label '+ +' and this variable set to zero with the label ' - '. All succeeding 

_variables are freed and another variable is then selected to enter the basis. This 

process continues until all 2" solutions have been evaluated either implicitly or ex-

plicitly. 

5.2.2 Specialization of the Implicit Enumeration Algorithm 

Although Zionts indicated that his algorithm out-performed Balas' procedure, it is 

evident that even under the best conditions, a fraction of the feasible solutions would 

have to be evaluated. Given the intended use of the mine scheduling model, this 

fraction could possibly become quite large. To increase the efficiency of this algo-

rithm in solving Problem (M), several modifications were made to the procedure and 

to the model structure, itself. 

93 



A. Partitioning of the Integer Constraint Matrix: The first modification dealt with the 

objective function constraints. Examination of constraints (2), (3), and (6) indicate a 

similar structure, in that, they are constructed exclusively of binary integers. Con-

straints (4) and (5), on the other hand, are composed of both binary integer terms and 

other miscellaneous time terms, t. In efforts to reduce irregularities in the constraint 

matrix and therefore streamline the computer code necessary to interpret this infor-

mation, it was decided to explicitly evaluate constraints (2), (3), and (6). In other 

words, these constraints were removed from the matrix, placed internally within the 

program, and evaluated for each addition to the basic solution. This not only served 

to unify the constraint matrix but reduced its size as well. 

With the constraint matrix now composed solely of constraints (4) and (5), it is evident 

that the matrix is only concerned with lift and job precedence relationships of the 

form exhibited in Equation (17). The values of the subscripts are determined from the 

type of expression, either lift precedence or job precedence. From these ex-

pressions, it is further evident that the operation, given by the subscripts m and q, 

determines which type of relationship is binding. In other words, when dealing with 

the first operation, job precedence expressions have no effect because they deal only 

with the sequencing of operation 2 after operation 1 or operation 3 after operation 2. 

Job precedence also does not affect the starting time of operation 1. This operation 

is, however, constrained by constraint (5) which deals with lift precedence, where the 

starting time of operation 1 on a lift I is constrained by the completion time of opera-

tion 1 on another lift. Similarly, operations 2 and 3 are ignored by the lift precedence 

expressions, yet handled by the job precedence relationships. 

94 



Such a dependence allows the constraint matrix to be partitioned so that, given a 

value of p, only part of the matrix need be examined. This is particularly effective 

when the upper and lower bounds prove inconclusive regarding selection of a can-

didate variable to enter the basis. In this case, it is necessary to select a variable to 

augment the partial solution which minimizes total infeasibility. If the number of 

variables is large, then knowledge of the operation can narrow the search over the 

constraint matrix. 

Another partition is utilized by recognizing that each constraint expression is com-

posed of two parts: a predecessor and a successor. In expression (17), the prede-

cessor operation and lift are given by the subscripts q and I, respectively. The 

successor components are likewise given by the subscripts m and k. This informa-

tion is valuable when determining the variable to augment the partial solution. It is 

sufficient to only consider the successors in each constraint, as opposed to searching 

the entire constraint expression. Simply, if all predecessors are currently in the 

partial solution, then the successor is available to augment the basis. 

The effect of these two partitioning processes is to effectively divide the constraint 

matrix into quadrants. The upper and lower halves form the partition between the 

constraints while the left and right halves separate according to the predecessor-

successor pairings. To search the constraint matrix for those binding expressions 

only requires knowledge of the operation p. It is therefore not necessary to search 

the entire matrix for binding constraints. 

The effectiveness of the partitioning becomes apparent when upper and lower 

bounding is unable to augment the solution basis. It is, therefore, necessary to select 

a variable, xplt' which minimizes the total infeasibility within the constraint matrix. 
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Due to the predecessor-successor pairings within the matrix, it is apparent that the 

successor is intuitively scheduled after the predecessor is completed, thus 
Sql 

L rxq1r = 0. Therefore, Step (3) of the implicit enumeration algorithm reduces to the 
r=eq1 

following expression. 

minimize l:[ I aq1 + :t txmkt I J 
XE J't 

If this expression results in a negative value, which is possible given the negative 

values of aq1 and t, an infeasible schedule exists. A negative difference represents a 

successor activity starting before the corresponding predecessor activity is com-

pleted. If the difference is zero, the successor begins immediately after-the prede-

cessor with zero wait time. A positive sum in the above expression represents the 

wait time experienced by a machine for a free work area. Selecting the minimum 

infeasibility in this case is similar to choosing that machine with the minimum total 

wait time. 

B. Modification of the Upper and Lower Bounds: For each constraint in the matrix, 

the following values are computed (Zionts, 1972). 

:tr+ = sum of the positive coefficients of the free (non-basic) variables. 

:tr = sum of the negative coefficients of the free variables. 

r P = the most positive coefficient of the free variables, otherwise zero. 

tn = the most negative coefficient of the free variables, otherwise zero. 

aq1 = the right-hand side. 
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By manipulating these properties, statements can be made regarding the upper and 

lower bound values on each binary variable. In addition to those developed by 

Zionts, other expressions were proposed to handle special situations in the enumer-

ation scheme. 

In the context of the implicit enumeration algorithm, backtracking or the backward 

step occurs when the upper bound of a variable Xplt is less than zero. This is derived 

by solving the upper bound expression for a value. less than zero, which gives 

aq1 < l:r. Although this relationship was used extensively during development of 

the scheduling model, it later became apparent that a more concise rule was needed. 

The variant utilized in the present application is very similar, in that , a backwards 

move occurs when l:r+ = 0 and tn > aql· From equation (17), if l:r+ = 0, then no 

non-negative variables exist as free variables in the second term of the left-hand side. 

By consequence of constraint (3), exactly one variable, Xqiro equals one. This ex-

pression can now be rewritten to give the updated right-hand side value, where r* is 

the period at which Xqir = 1, - l:txmkt ~ aq1 - r*. Since aq1 - r* is simply an updated 

right-hand side, this quantity can be replaced by aql· If tn > aq1, then an infeasibility 

exists, as no positive magnitude remains to bring this expression to feasibility. The 

current partial solution is therefore infeasible and backtracking occurs. 

A similar process was used to efficiently assign binary variables to the partial sol-

ution. This not only reduced the search for a candidate basic variable, but also pro-

vided more rapid and effective analysis of infeasibility at each node. It is apparent 

that constraint feasibility is guaranteed when tn + r ~ aql• for all positive coefficients, 

r. If, for some r, however, aq1 - tn < r, then the infeasibility of that constraint is vio-

lated for that value of r, and thus Xqir must be set to zero in the partial solution. 
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C. Limiting the Size of the Enumeration Tree: The size of the search necessary to 

determine the optimal solution is directly related to the number of binary variables. 

For n (0-1) variables, at most 2" partial solutions must be examined before the opti-

mum is revealed. As previously stated, the strength of an enumeration algorithm lies 

in its ability to implicitly evaluate a large fraction of these partial solutions. To handle 

the excessive number of feasible solutions possible with the mine scheduling model, 

effective variable presetting is combined with efficient techniques for limiting the 

growth of the enumeration tree. 

One such technique is utilized to control the amount of branching within the enu-

meration tree. As before, strict compliance with Zionts' and Balas' enumeration al-

gorithms requires that branching occurs when the upper and lower bounds on each 

(0-1) variable are insufficient to add a variable to the partial solution. However, ex-

perience with the mine scheduling model indicated that, in general, the effectiveness 

of the upper and lower bounding decreased as the size of the enumeration tree in-

creased. In other words, upper and lower bounding was only useful in the earliest 

stages of the enumeration. 

This arose from the development of the earliest and latest access times. As de-

scribed earlier, the access times are developed by sequence construction, in that 

either a minimal or maximal sequence is developed for each combination of opera-

tion p and lift I. For a lift, I, which is removed early in the extraction sequence, the 

difference between the earliest and latest access times is sometimes quite small, 

often zero. This indicates that only a very few discrete extraction sequences exist 

which can access the lift I by following all required precedence relationships. In this 

case, upper and lower bounding is quite effective in setting the (0-1) variables to ei-
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ther zero or one. For a later lift in the extraction sequence, k, the spread between 

eP1 and sp1 increases for all p, thus reflecting the increasing number of sequences that 

could have been chosen to access lift k. In this case, upper and lower bounding is· 

ineffective in setting variables to either zero or one. 

Given the ineffectiveness of the upper and lower bounding in this case, strict com-

pliance with the enumeration schemes of Zionts or Balas would require that each 
I 

operation p on a lift I be examined for minimum infeasibility. Assuming that a vari-

able Xpit• for p=1,2, or 3, I= 1, ... ,N, and ep1 s:: ts:: Spt• was found to satisfy this infea-

sibility requirement, then Xplt = 1 and all other variables, 

Xptt'• ep1 s:: t' s:: sp1 and t' * t, would be set to a value of zero. After fathoming the 

branch containing Xptt = 1, this variable is set to zero and the variable Xpti: = 1, where 

t =t+ 1. This process would continue until t = spl· The number of branches associ-

- ated with variable Xpit is sp1 - epr· The total number of possible branches, B, in the 

enumeration tree is the summation over all p and I. 

Because B is a function of p, I, the enumeration tree begins to expand rapidly with the 

number of branches emanating from any node equal to sP1 - eP1 (Figure 5.5). As the 

tree grows, it becomes apparent that a rapid solution by microcomputer becomes 

more'uncertain. As a means of reducing the branching within the enumeration tree, 

several areas of the implicit enumeration algorithm were examined in detail. 

For the purposes of mine scheduling, it seemed inappropriate to consider every 

possible scheduling time t for a operation p on a lift I, eP1 s:: t s:: spi· In lieu of the in-
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teger objective function to minimize the makespan of the mining operation, it became 

apparent that scheduling each operation p at the earliest feasible time was a good 

heuristic adjustment to the existing model. Although operation p on lift I could, in 

fact, be scheduled at any time t, ep1 ~ t ~ Spt• immediately assigning t to the earliest 

feasible time period insures a near optimal solution while avoiding much of the 

branching. 

The amount of branching was further reduced by considering the operation p in the 

analysis. When scheduling operation 2 or 3 on a lift I, it is evident that their sched-

uling times are dependent upon the scheduling time of the preceding operation and 

the availability of the required equipment. The scheduling time of operation 2 or 3 is 

optimally .. determined by precedence, machine availability, and the scheduling time 

of the predecessor operation. In general, operation 2 or 3 can be assumed to part 

of the optimal solution when scheduled at their earliest feasible time, as no advan-

tage is assumed to be gained by delaying these operations. 

When scheduling operation 1, however, there are often a number of different options 

available for scheduling this operation on a lift I. If the scheduling horizons of two 

available lifts, I and k, have no common times, then the assignment of operation 1 to 

each of these two lifts is made solely on the basis of the earliest feasible scheduling 

times, ett or erk· For purposes of this discussion, the values of er1 and erk are used 

instead of e11 or e1k, respectively. Use of feasible times avoids the possibility that 

e11 and e1k may be infeasible, due to previous assignments. For clarity, it is assumed 

that the latest possible scheduling times are feasible. 
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Rule 1: if e11 < erk then schedule operation 1 on lift I at e11 , else schedule operation 

1 on lift k at time erk· In case of a tie, schedule either lift. 

The reasoning behind Rule 1 is straight forward, in that, it is best to schedule opera-

tion 1 on that lift which is available at the earliest feasible time. It is assumed that 

no advantage can be gained by delaying the start of this operation beyond its earliest 

feasible time period. 

Rule number 1 does not violate the procedures of implicit enumeration. Given that 

the only lifts available for scheduling are I and k, and that their scheduling horizons 

for operation 1 are non-intersecting, then no advantage is gained by delaying the as-

signment of this operation. For example, if e11 < erk• then lift I must be scheduled 

before lift k, or an infeasible condition results (Figure 5.6a). Operation 1 on lift I could 

be delayed to some time less than erk• but with no positive benefit. At worst, it will 

delay the scheduling of operations 2 and 3 on lift I, which may affect the machine 

availability for operations 2 and 3 on lift k. Simply, the remaining scheduling times t, 

e,1 + 1 :::;; t :::;; sp1 where en + 1 < spl• are implicitly enumerated and thus discarded as 

non-optimal or non-improving. 

If the feasible scheduling times of operation 1 on lifts I or k overlap, then there exists 

at least one time period tat which either lift can be scheduled (Figure 5.6b). Although 

efk may be less than e11 , there is no guarantee that scheduling operation 1 on k at time 

erk is optimal. Given the enumeration requirement that all permissible time periods 

must be examined, it may be optimal scheduling operation 1 on lift I before operation 

1 on lift k. In this case, either lift may be scheduled at a common time period t. 
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To control branching, it becomes apparent that feasible branching ultimately leads to 

a feasible solution for the integer model. Neglecting this information often results in 

feasible integer solutions which cannot satisfy the required fill cell volumes. To pro-

mote the construction of feasible sequences which satisfy the necessary fill cell vol-

umes, a heuristic adju~tment is made to the enumeration procedure. 

When scheduling operation 2 on a lift I at a time t, a simple check_ is made to insure 

that sufficient spoil capacity exists to handle the volume of lift I. If insufficient ca-

pacity remains at time t, the addition of x21t to the basic solution will produce an in-

feasible sequence. In this case, the time period is incremented, t=t+ 1, and a similar 

check made. If no time period t, ep1 :s;; t :s;; spl• produces a feasible addition to the 

partial solution, then the current partial solution must be infeasible and a backward 

move occurs. 

In the surface mining cycle, spoiling occurs in a fill cell only when the coal has been 

removed on the lowest lift (z = Z) at that location. To always maintain adequate spoil 

room, it is sufficient to require that the sum of the overburden volumes removed in 

the upper lift horizons, Wui for z = 1,2, ... ,Z-1 always be less than or equal to the sum 

of the overburden volumes removed in the lower lift horizon, Ww, for z = Z. This is 
w 

conveniently expressed as a volume ratio, Rv = W w . 
u 

. The value of Rv affects the branching by forcing the next scheduled lift to be either 

with a z-value of z = 1,2, ... ,Z-1 or z = Z. When Rv is less than the desired value, 

R*, only those lifts with a z-value equal to Z are considered for scheduling at opera-

tion p= 1. This is equivalent to implicit enumeration, in that, other lifts with z-values 

= 1,2, ... ,Z-1 have been considered but discarded because they cannot guarantee a 

feasible addition to the partial solution. If Rv exceeds the threshold value, R*, then 
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any available lifts can be scheduled with p = 1. Regardless of the lift chosen, opera-

tion 1 is assigned to that location at the earliest feasible time period. 

This information yields several rules for use in assigning operations in the mine 

scheduling problem. 

Rule 2: If Rv < R", then consider only those available lifts whose z-values = Z, and 

assign operation 1 to that that lift which minimizes the infeasibility in the 

constraints. If no such lift exists, then select any available lift for job 1 

which minimizes constraint infeasibility. 

Rule 3: If Rv :::::: R", then consider any available lift and schedule operation 1 on that 

lift which minimizes constraint infeasibility. 

Rule 4: After scheduling operation 1 at the earliest feasible time period according 

to Rule 2 or 3, schedule, in turn, operations 2 and 3 at the earliest feasible 

time period. 

These guidelines are utilized when upper and lower bounding becomes ineffective in 

setting binary variables to either zero or one. It is felt that these rules sufficiently 

restrain the growth of the enumeration tree, such that the mine scheduling problem 

can be solved in a reasonable time period. 

While updating the guidelines necessary to assign an operation p on a lift I, it is also 

important to modify the labeling scheme to record these additions to the partial sol-

ution. The addition of operations 2 or 3 can be made according to Rule 4, and as 

discussed previously, can be considered a feasible continuation of an existing partial 

solution. The variable ~pit• where p = 2 or 3, which denotes the assignment of these 
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operations to a lift I, is set to a value of 1 and labeled as '+' in the partial solution. 

When assigning operation 1 to a lift, Rules 1 and 2 make it clear that many lifts may 

be available. In this instance, the variable x11t is set to 1, labeled'++' in the partial 

solution, and must therefore become a candidate for future backtracking. In some 

cases, however, only one lift is available to be assigned operation 1. In this instance, 

operation 1 can be optimally scheduled according to Rules 2 or 3 and assigned the 

label '+ '. 

A final method utilized for controlling the size of the enumeration tree deals with the 

objective function constraint, which is added in Step 1 of the enumeration algorithm. 

If µ equals zero, then all alternate optima are found by the procedure. To reduce 

solution time, however, ·a value ofµ= 1 is used in all cases. Although only one opti-

mal sequence is found for each value of M, progress is much faster towards finding 

more improved solutions. 

5.3 Solution of Problem (L) 

5.3.1 Theoretical Considerations of the TP Problem 

Duality theory in linear programming permits Step 2 of the algorithm to be handled 

by solving either the primal (L) or the dual (D). Regardless of the choice, comple-

mentary slackness can be used to determine the corresponding values. The primals 

are required to provide updated values of the processing times for overburden re-

moval, a21 , for all lifts I= 1, ... ,N. 

The problem given in equations (10)-(12) is linear in format and therefore can be 

solved using a variety of available techniques. In addition to being linear in nature, 
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this problem exhibits the form and characteristics of a capacitated transportation 

problem. Problems of this kind are a specialized form of a linear program (LP) and, 

therefore, can be solved using more advanced and efficient techniques. 

The transportation problem (TP) with equality constraints is written as follows. 

(TP) 

subject to 

m n 
Minimize I: I: crgr 

1=1J=1 J J 

n 
I: giJ = ai i = 1, ... , m 

j=1 

m 
t~1g1i =bi j = 1, ... ,n 

m n 
where a1 > 0, bl> o.,i~1 a1 == i~1 bJ; and g1i ~ 0. Notice that the model given by 

equations (10)-(12) is equivalent given the validity of Constraint (3). In the transpor-

tation model, i and j represent the number of sources and sinks, respectively and 

generate m + n constraints and (mn) variables. The variable giJ is the amount of 

material shipped from source i to sink j at a cost of c1J. The amount of available 

product at source i is designated a1, while the capacity of sink j is given by bi. When 
m n 
I: ai = I: b1·, the problem is capacitated or balanced, otherwise, the transportation 

1=1 j =1 . 

problem is unbalanced. 

The similarity of the problem (TP) to a linear program (LP) permits it to be arranged 

in an m x n transportation array, where the sums of row i and column j are given by 

a1 and bi, respectively. In the transportation array, the variable 9iJ is represented by 

the cell (i,j). When the values of g1i satisfy all constraints, the solution is optimal. 
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The structure of Problem (TP) permits an initial basic feasible solution (BFS) and dual 

feasible solution (DFS) to be efficiently computed. Furthermore, the non-basic vari-

able to enter the solution basis can also be easily determined by evaluating a loop 

containing certain variables. 

A loop, termed a 0-loop, is a subset of the transportation array which possesses the 

following properties. 

• is nonempty 

• it contains either 0 or 2 cells from each row or column of the tableau 

• no proper subset of this loop satisfies the first two properties 

To form a 0-loop, entries of +0 and - 0 can be alternately placed within the cells of 

subset such that any cell with an entry of +0 must also contain a - 0 entry else-

where in its row and column. When complete, every cell in the subset will have ei-

ther a + 0 or a - 0 entry. The 0 - loop contains exactly one non-basic variable that 

has been previously selected to enter the solution basis. Determination of this loop 

then provides the means of updating the basic cells to satisfy all a1 and bJ. 

Solution of the standard transportation problem begins by determining a basic feasi-

ble solution (BFS) to the initial tableau. The row and column requirements, a1 and 

bi, are examined at each stage and updated according to specific guidelines. The 

updated values will be represented by a'1 and b'J· The rules for obtaining a BFS are 

given as follows (Murty, 1976). 
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Step 1. Select any admissible cell. At the beginning, all cells are admissible to the 

BFS. Select a cell (i,j) such that the cost associated with that cell, c1i, is the 

minimum of all cells in row i and column j. 

Step 2. Make cell (i,j) a basic cell and thus part of the BFS. The value of (i,j), g1i, 

is the minimum of {a'1, b'i}. For the first cell, a'1 = a1 and b'i = bi. If the 

value of g1i is equal to zero, it is still considered a basic variable with a 

magnitude of zero. In this step, one of five possible cases may occur. 

Case 1. a'1 < b'J· Make all cells in row inadmissible and set 

b'i = b'J - a'1• Go to Step 1. 

Case 2. a'1 > b'i· Make all cells in column inadmissible and set 

a'1 = a'1 - b'i· Go to Step 1. 

Case 3. a'1 = b'J and the set of admissible cells lie in two or more rows. 

Make all cells in row i inadmissible and set b'i = 0. Go to Step 1. 

Case 4. a'1 = b'J and the set of admissible cells lie in a single row, i, and two 

or more columns, j. Make all cells in column j inadmissible and set 

a'1 = 0. 

Case 5. a'1 = b'i and (i,j) is the only admissible cell remaining. In this case, 

the BFS is found and the procedure ends. 

When the basic feasible solution is developed in this manner, there is the possibility 

that it will very near optimal, although there is no theoretical guarantee that this will 

occur. 

The dual feasible solution (DFS) to Problem (TP) must satisfy the requirements of the 

transportation dual (TD). 
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m n 
(TD) maximize w = L aiu1 + L bivJ 

i =1 J =1 

subject to 

u1 and vi are unrestricted in sign for all i,j 

The DFS corresponding to the basic feasible solution is determined by u1 + vi = c11 

for all basic cells (i,j). From the dual variables arises the relative cost coefficient for 

any cell in the transportation tableau, ciJ = c11 - ui - v1. A dual basic solution be-

comes dual feasible if and only if the constraints of (TD) are satisfied, namely that 

ciJ = c11 - u1 - v1 :<:: O for all i,j. If optimality exists, then all ciJ are non-negative for 

all i,j. 

If the optimality criterion is not satisfied, that is, at least one c 11 is negative, then some 

non-basic variable must be picked to enter the solution basis. If the selected cell is 

(p,q), a 0-loop must be constructed of cell (p,q) and other basic cells. An entry of + 

e is placed in cell (p,q) followed by alternating entries of -e and + e among the cells 

in the loop. If grs is the value of cell (r,s) on the tableau, then the following rules apply 

to updating its value.· 

grs = 9rs + e, if cell (r,s) has a + e entry 

= grs - e. if cell (r,s) has a - e entry 

= no change, if cell (r,s) not in 0-loop 

The maximum value for 0, 0max• that keeps grs non-negative is determined as 

emin = min {grs I (r,s) has a - e entry}. When grs = emin• the cell (r,s) is dropped 
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from the basic solution while the cell (p,q) is included. If there is tie among two or 

more cells which attain the value of emln• then any one of the cells may be dropped 

from the basis. 

5.3.2 Solution of Problem (L) 

The previous procedure illustrated a generalized method for solving the transporta-

tion problem (TP). Perhaps the greatest difficulty in implementing this process on a 

computer is trying to code an algorithm for determining the required 0 -loop. In ad-

dition to being a trial-and-error approach, this method of identifying loops tends to 

be very time consuming for large problems. It is not surprising, therefore, that the 

generalized method is seldom used in computer models. 

To increase the efficiency in determining 0-loops for larger transportation problems, 

several labeling procedures are widely used at present on many commercially avail-

able computer codes (Murty, 1976). The use of these labeling schemes has produced 

some of the most computationally efficient computer codes in existence for solving 

large transportation problems. In addition to efficiency, such methods have dramat-

ically reduced the core memory requirements for implementing these codes (Glover 

et al, 1974). 

These methods exploit the predecessor-successor relationship of a rooted tree net-

work which provides an efficient method for updating the solution basis in each iter-

ation. .Such labeling methods were first discussed by Johnson (1966) who first 

developed a triple-labeling procedure and suggested its possible extensions to net-

work optimization. This method was refined and adjusted by a number of research-

ers, such as Glover and Klingman (1970) and Glover et al (1972) who developed the 
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Augmented Predecessor Index (API) method for node labeling. Srinivasan and 

Thompson (1972) improved the API method by incorporating a node distance function 

into the labeling procedure. Glover et al (1974) developed the Augmented Threaded 

Index (ATI) method as an alternative to the API procedure. They reported that sol-

ution of larger transportation problems required one-third less core memory than 

previous labeling methods. The ATI method has been most recently supplemented 

by Barr (1979). 

An m x n transportation tableau can be reduced to a rooted tree with m + n nodes by 

representing each source, i = 1, .. .,m, by a serial number i and each sink, j = 1,. . .,n, 
• 

by a serial number m + j. The rooted tree is now constructed in a series of levels r. 

At level 0, a root node is arbitrarily chosen from among all nodes, k = 1,. . .,m + n. For 

level r+ 1, all remaining nodes are examined. A node k corresponding to a cell (i,j) 

is chosen if that cell is in the basis and j exists in the level r-1. The cells are included 

which satisfy the condition that for a cell (i,j), node j is included in the previous level. 

If this condition is met, the edge from i to j is drawn. If more nodes are available, 

continue with level r = r + 1, otherwise stop. 

By examining the rooted tree, the immediate predecessor and sets of successors and 

descendents of each node, i = 1,. . .,m + n, be determined. With knowledge of these 

relationships, the 0 -loop for a non-basic cell can be easily identified as the simple 

path between the corresponding edge (p;q) and the root node. The simple path from 

any edge (i;j) is developed by rewriting the values as [i; P(i)J, where P(i) is the 

predecessor of node i. The simple path is constructed by joining i to its predecessor, 

P(i). If P(i) is the root node then stop else set j = P(i) and identify the predecessor 

of j = P(j). Join j to P(j). Continue until the predecessor is the root node. Thus, the 
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simple path from (i;j) to the root node is simply the path linking node i to the root 

node through successive predecessors. 

A non-basic cell (p,q) which is to enter the solution basis is represented on the tree 

as the edge (p;m + q). The 9 -loop containing the cell (p,q) is simply the sum of the 

paths from p to the root node and m + q to the root node less any common edges. 

The cells in the 0-loop of the transportation table are the edges corresponding to the 

simple cycle. The entries of + 9 and -0 are made in a manner similar to above and 

the value of 0max d~termined. 

After cell (p,q) enters the basis, the rooted tree is updated along with the the prede-

cessor and descendent sets. Standard procedures are utilized for updating the 

primal values of gpq and the dual values, up and vq. As before, the iterations halt 

when all relative cost .values, CtJ• are all non-negative. 

Another method that is often utilized for solving the transportation problem (TP) is the 

out-of-kilter method (Fulkerson, 1961). This technique, unlike other generalized 

methods, was developed especially for solving the network problem (Kennington and 

Helgason, 1980). Simply, this method starts with a dual feasible solution (DFS) and 

manipulates either the flows or dual values by means of kilter numbers. If the flow 

in an arc, el, is satisfied by the current solution, then e1 is in-kilter, otherwise, the arc 

is termed out-of-kilter. The solution proceeds through a set of iterations until all kilter 

numbers are equal to zero, at which time the solution is optimal. Improved versions 

of out-of-kilter computer codes have been developed.by Barr et al (1974) and SHARE 

(1967). 
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At the present, there exist many comparative studies on solution procedures and 

coding techniques for solving the transportation problem (Hate~, 1975; Glover and 

Klingman, 1977; Graves and Thrall, 1965). The results of one investigation indicate 

that, despite feelings to the contrary, the out-of-kilter code is decidedly inferior to the 

primal solution technique when used with one of the predecessor-successor labeling 

methods (Glover et al, 1974). Their findings also indicate that the augmented prede-

cessor index (API) labeling method is best suited to the large problem structure. 

Later studies (Srinivasan and Thompson, 1973) indicated that this labeling method 

was, in fact, superior. The authors later improved its performance by incorporating 

a node distance function into the technique. 

The procedure chosen for solution of Problem (L) is a generalization of the Hungarian 

Method which has been previously used to solve the assignment problem (AP) in 

linear programming. This model can be represented is terms of a binary variable, 

giJ• which is one if machine i is assigned to location j, and zero otherwise. 

(AP) 

subject to 

n n 
Minimize z = I I ciJglJ 

i=1 j=1 

n 
I g11· = 1 for i = 1, ... ,n 

j=1 

n 
I g1J· = 1 for j = 1, ... ,n 

1=1 

g1i ~ 0 for all i,j 

114 



As the primal transportation problem can be readily reduced to a rooted tree, the 

assignment problem can be transformed to a network format. Such a form is termed 

a bipartite network with assignment cost, c1J, for all i,j (Figure 5.7). For Problem (AP), 

the bipartite network represents each row i as a source with a supply of one unit and 

each column j as a sink with a demand of one unit. The transportation cost of moving 

this unit from i to j is c1i. The decision variable, g1i, then becomes the amount of ma-

terial hauled from source i to sink j at a cost·c1i. The Hungarian Method exploits this 

idea in determining an optimal solution to Problem (TP) (Murty, 1976). 

This method represents a class of primal-dual procedures which can be used to solve 

problems similar to (AP). Simply, this method starts with a dual feasible solution 

(DFS) and and tries to find a primal solution which satisfies all complementary 

slackness conditions. If the current primal solution is primal feasible, then by com-

plementary slackness, this solution and its dual must be optimal. If primal feasibility 

is not present, the dual solution is altered and the primal values allowed to move 

closer to feasibility (Murty, 1976). 

Although the primal-dual approach provides no advantages over the primal simplex 

approach for generalized linear problems, it becomes especially effective when ap-

plied to transportation problems. This occurs because the initial dual solutions are 

easy to obtain and update when necessary. After finding a dual feasible solution, the 

corresponding basic feasible solution is found by solving a maximal flow problem on 

a bipartite network. 

This network is represented in Figure 5.8, where a super-source and super-sink have 

been added. For each arc on the network, the numbers relate the lower bound, ca-
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Figure 5.7 Bipartite Graph (After Murty, 1976) 
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pacity, and unit cost coefficient, respectively. Again, the decision variable, gii• re-

presents the amount of material shipped from source i to sink j. 

In the context of the mine scheduling problem, the primal-dual method begins by 

determining a dual feasible solution as p1 = minimum {k1e for all c = 1, ... ,N} and 

<Xe = minimum {k1e - P1 for all I = 1, ... ,N}. Selecting a DFS in this manner insures 

that the dual constraints of Problem (TP), and thus equations (11) and (12), are satis-

fied. To compute the corresponding basic feasible material flows, the relative pro-

duction coefficients, k'1e = k1e - <Xe - p, are determined for all I and c. If k'1e = 0 then 

the cell (l,c) is termed admissible, otherwise it is inadmissible. By complementary 

slackness requirements, all admissible cells must have non-negative flows, while all 

inadmissible cells must have zero flows. 

With a current basic feasible solution, the tableau is labelea to determine if either the 

dual variable or primal flows need be updated in the next iteration. The rows and 

columns of the tableau are labeled as follows. 

• if l: V1e < W1, then additional material exists in source i. Label this and all similar 
ee'I' 

rows is (s, + ). 

• if row I is labeled and column c is not yet labeled, and cell (l,c) is admissible, then 

label column c as (I,+) 

• if column c is labeled and row I is not yet labeled, and V1e > 0 Label row I as (c, 

-). 

The last two guidelines are repeated until all rows and columns are labeled or no 

further labeling can be conducted. If a labeled column exists where l: V1e < We then 
ee'I' 
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a breakthrough exists and the primal flows must be updated. Otherwise, a non-

breakthrough exists and the dual variables must be changed. 

This labeling routine was initially developed by Ford and Fulkerson (1962) for solving 

the maximal flow problem in generalized networks. Because each node was labeled 

only once during the routine, this process appeared at the beginning to be computa-

tionally efficient. Its efficiency was later exploited by Balinski and Gomory (1964) and 

by Graves and Thrall (1966) in development of primal algorithms for solving the ca-

pacitated transportation problem. 

When a breakthrough occurs, the flow quantities, Vic• are not optimal and must 

therefore be updated. To determine the new flows, a 0-loop is constructed from the 

currently labeled tableau. If the breakthrough occurred at column c1 and that label 

is (row 11, + ), then place a + 0 entry in the cell (11, c1). Suppose that the label of row 

11 is (column c2, - ). Place a - 0 entry in the cell (11, c2). Continue by looking at 

column c2 and so on with alternating entries of + 0 and - 0 until a row label of (s, +) 

is encountered. Let 0mtn equal the following value. 

min {w1 - ~ Vic ; 
c=1 

W c - ~ Vic ; Vic} 
1=1 

This is accomplished for all cells (l,c} with a - 0 entry. The value of 0min is then 

added or subtracted from the current flows in each cell with a -0 or a +0 entry. If all 

We are satisfied, then the solution is optimal, else remove all labels and return to the 

labeling scheme. 
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Ford and Fulkerson show that for integral flows V1c, 9min is a positive integer, and all 

resulting flows are also integer values. Consequently, the algorithm is finite, for the 

flows are augmented by a non-negative value until optimality is attained. 

If a non-breakthrough occurs, the flows V1c are the maximum allowable for the dual 

variables, <Xe and -p1• To increase the flows, it is necessary to update the dual vari-

ables by creating more admissible cells in the tableau. This occurs for a cell (l,c) 

where its row I is labeled and its column c is unlabeled; as it is possible to continue 

labeling more columns according to the guidelines developed above. 

For a current dual solution (ac, P1), the change in these variables is limited to the 

amount o = min { k1c - <Xe - p1; where row I is labeled and column c is unlabeled }. 

The new dual solution (a'c• P'1) is developed as follows. 

P'1 = P1 + o, if row I is labeled 

= P1, if row I is unlabeled 

a' c =<Xe - o, if column c is labeled 

=<Xe, if column c is unlabeled 

With the updated dual solution, new admissible cells are created. Thus, the labeling 

routine must be continued where it was left at the non-breakthrough. If a break-

through occurs, the primal flows are updated else the dual solution is changed. The 

primal-dual algorithm ends when all We are satisfied for c = 1, ... ,N. The optimal 

primal and corresponding dual solutions are represented by the primal flows and dual 

variables, respectively. 
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5.3.3 Determination of Coefficients k1c 

The coefficients, k1c, in equation (10) reflect the productivity of the load-haul.system 

when material is transported from lift I to fill cell c. The values of k1c are a function 

of the calculated haul distances and the user-supplied values of cycle time and effi-

ciency. 

The haul distances from each lift I to all feasible fill cells are calculated from the grid 

coordinates of the load and dump locations. The haul route is constructed in a 

standardized format, in that, all trucks must travel in a rectangular circuit. Initially, 

all haul trucks proceed from a lift I in a -y direction until the edge of the coordinate 

grid is reached. The haul route then continues in the -x and + x direction along the 

edge of the grid until parallel with the selected dump site. The route then finishes 

by proceeding in a + y direction to cell c. The haul-empty route follows the reversed 

path (Figure 5.9). With knowledge of the average lift width and lift length, the haul 

distance is easily calculated. The haulage distance to the secondary fill site is user-

entered and thus is not affected by any coordinate values. 

To simplify the model, the vertical haulage component is ignored in this analysis . 

. Rather, it is assumed that dozers are present to push material from the upper 

benches to the lowest bench, where the loader and trucks are operating. This re-

duces the complexity of the model by eliminating any haulage between lift levels. 

Thus, only the horizontal haulage components need be investigated. 

In determining productivities, it is assumed that all trucks are filled to capacity, that 

is, no partial loads are permitted. Also, their haul speeds are constant for each trip 

loaded and empty. The necessary haul speeds are assumed to be 1000 feet per 
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Figure 5.9 Concept of Truck Haulage in a Surface Mining Operation 
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minute empty and 800 feet per minute loaded. Loaded and empty haul speeds to the 

secondary fill site are assumed to be 440 and 880 feet per minute. These values were 

used to provide sufficient constrast between haulage to the bench and haulage to the 

secondary fill site. 

The load/haul productivities are determined using standard engineering calculations, 

which account for equipment capacity and wait times on either machine. The wait 

times are calculated with knowledge of the fleet size assigned to the loader or shovel 

and the various cycle times. From Figure 5.10, the wait time experienced by the 

loader, 11, is related to the number of trucks in the fleet, NP the loaded haul time, h1, 

the empty haul time, he, the spot time, Sp the dump time, dp and the load time, LP 

11 = max { 0, ( h1 + dr + he + Sr) - Lr ( Nr - 1 ) }. Similarly, the wait time of a truck 

can be determined as, Ir = max { 0, Lr ( Nr - 1 ) - ( h1 + dr + Sr + he ) }. Using 

these wait times, the operating efficiencies are calculated and utilized to adjust the 

productivities accordingly. 

To increase the applicability of this haulage model to a variety of conditions, several 

modifications were made. It was noted through many on-site investigations of local 

surface mining operations that, for extremely short hauls, loader/truck systems are 

seldom utilized. Rather, one or more dozers are used to push shot material from a 

lift I to a fill cell c. To incorporate this into the haulage model, it is assumed that for 

short hauls a pair of dozers is utilized for overburden removal, in place of the usual 

loader/truck system. A short haul is this context is defined as movement within a one 

block radius from the lift I (Figure 5.11 ). 

Several assumptions are made to determine the productivity of the doze rs for push-

ing material from lift I _to cell c. The average push length is assumed to be one-half 
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the lift length. This is necessary to keep the push distance short, where dozer utili-

zation is most effective. The push and back speeds are 4 and 6 feet per second, re-

spectively, with fixed times of 2 seconds per cycle. For average working conditions, 

the following adjustment factors are selected (Caterpillar, 1983): 

1) Job efficiency 0.83 (50 minutes/hour) 
2) Operator efficiency 0.75 (average) 
3) Material pushed 0.70 (shot rock) 
4) Slot dozing 1.20 
5) Level dozing 1.00 (no effect) 

Assuming a 23 cubic yard blade, which is the "straight" type for a Caterpillar 010, the 

total productivity of two dozers is illustrated as a function of push distance in Figure 

5.12. 

To avoid any infeasible combinations of I and c in the optimal solution, such pairings 

are heavily penalized with a very high value of kic· This insures that the combination 

of I and c will occur only with a very large increase in the objective value, and thus . 

will be avoided. 
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CHAPTER 6 

COMPUTER IMPLEMENTATION OF THE MINE 

SCHEDULING MODEL 

6.1 Introduction 

As stated previously, one facet of this research was to create a microcomputer-

compatible software package capable of solving the decomposed mine scheduling 

problem. This was not only seen as a research aide, but as a possible planning tool 

for field engineers whose computer facilities are often limited to a micro or personal 

computer. The resulting computer model has been developed to operate on a 

microcomputer with a standard RAM capacity of 512K. 

The operating system used in developing the mine scheduling model is Turbo Pascal 

(Borland, Inc., 1985), which is a microcomputer variation of the mainframe Pascal 

language. This system was chosen over the Microsoft Fortran and Microsoft Basic 

languages because of its superior compilation speed, excellent diagnostics, and 

structured approach to programming. Such capabilities were considered invaluable 

in developing a large, sophisticated program on the microcomputer. Despite its ad-
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vantages, the Turbo Pascal system limits both the source code editor and direct var-

iable allocation to 64K of memory. Although these limitations did present some early 

problems, there was sufficient flexibility in the language to eventually circumvent 

these difficulties. 

The mine scheduling model is coded to run on an IBM personal computer or com-

patible machine with a standard RAM capacity of 512K and either a color or 

monochrome monitor. Although a smaller RAM capacity will not result in a compiler 

error, there exists insufficient capacity in the heap and stack to analyze a large 

problem. It is, therefore, suggested that the model be operated with at least 512K of 

memory. Additional hardware to aide in computational efficiency includes a hard 

drive which increases the amount of disk space and decreases disk access time and 

an accelerator or "turbo" board. This final addition provides the combination of faster 

processor, 16-bit data bus, and 8 MHz internal clock. 

The total length of computer program is approximately 2000 lines and can be stored 

on one double-sided, double-density 5.25 inch floppy disk. Although the length ex-

ceeds the 64K capacity of the source code editor, Turbo Pascal incorporates the use 

of "include files" as a means of circumventing this difficulty. An include file is an 

editable piece of code which is stored separately on the disk and which the compiler 

includes during compilation of the main program (Swan, 1986). Such include files are 

freely used in the computer model as a means of fitting the program size into the 

code editor. 

Whereas include files are used to circumvent the 64K limit of the data editor, overlays 

are available to avoid the 64K memory requirement on direct variable allocation. An 

overlay procedure or .function stays on disk in a compiled format until needed for 
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program execution. At this time it is automatically brought into memory, where it 

then shares the same memory space as other overlays. This space allocated to any 

overlay is equal to the size of the largest overlay file. If a given overlay is smaller 

than the allocated memory, the excess space is left unused (Figure 6.1). The use of 

overlays reduces the total memory required by the program, but also exacts a cost, 

in that execution slows by accessing the overlay file each time it is needed (Swan, 

1986). This effect can be quite large if the overlay is stored on a floppy disk, much 

less for a hard disk, or almost negligible if an electronic disk is utilized (Borland, 

1985). In program development, overlays were used very sparingly, thus producing 

goods resu Its. 

The total memory required by the optimization model is a function of both the number 

of lifts, N, and the number of time periods, T. The two largest arrays in the model 

were a three dimensional array, x(p,l,t), representing the binary scheduling variables 

and a set of four-one dimensional arrays representing the partial solution. These one 

dimensional arrays consisted of a label as either'++', '-', or'+' and the associ-

ated values of p,I, and t in the partial solution. Despite the hope of retaining all arrays 

in dimensional form, it soon became evident that 64K of dimensional memory was 

insufficient for these needs. To relieve the strain· on the 64K limit, it was decided to 

access the heap area of the computer for storage space. 

When a program is run on the Turbo Pascal operating system, the internal memory 

is arranged according to a predetermined format as shown in Figure 6.2 (Swan, 1986). 

As shown in the diagram, the first two blocks are occupied by the Disk Operating 

System (DOS), Turbo Pascal runtime library, variable constants, and the program 

source code. These blocks can occupy upto 64K of memory, but utilize only what is 

130 



Main Program Overlay Files 

Main Program Code 

Overlay File 1 

Overlay Area . 
Overlay File 2 

Overlay File 3 

Main Program Code 

Figure 6.1 Concept of Overlay Files (After Borland, 1985) 
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Low Memory 

DOS 

CODE 
} 64 K Maximum 

DATA 64K Maximum 

HEAP Available Memory 

STACK 64K Maximum 

High Memory 

Figure 6.2 Turbo Pascal Memory Map (After Swan, 1986) 
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necessary. The third block is used by both the Pascal runtime routines and the global 

variables. The latter are those variables passed from the main program to one or 

more subroutines or procedures. Again, this block occupies up to 64K of memory, 

but only as much as necessary. The next block, the heap, contains those variables 

which are dynamic in nature, in that, they are not dimensioned to a specific size, but 

can occupy as much memory as needed, depending upon the size of the computer. 

Dynamic allocation of variables allows the. memory requirements of the program to 

expand or contract according to the specific needs of the user. Finally, the stack 

segment holds all variables local to a specific procedure along with the return ad-

dresses of each routine. Again, the stack is limited to 64K but uses only what is 

necessary. 

To increase the efficiency of the scheduling model, the heap was accessed to store 

the partial solution. By this action, the set of one dimensional arrays were removed 

from the stack area, thus permitting an increased number of scheduling variables to 

be maintained in the three dimensional array. Before accessing the heap, there was 

only 12K of memory available for allocating the three dimensional array. Currently, 

57K is available for dimensioning the 3-0 scheduling array. 

Heap manipulation is conducted through a series of pseudo-variables called pointers 

which point to specific locations in the memory of a computer. As the partial solution 

to Problem (M) increases, the augmented variables are allocated to specific memory 

regions through a program generated pointer. The partial solution takes on the form 

of a one-way linked list which is stored in the machine's heap memory (Figure 6.3). 

As illustrated, each data segment is composed of two parts: the actual variable as a 

label, job p, lift I, and a scheduling time t. The variable next is a pointer which points 
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to the next variable entry. The ground symbol at the end of the list indicates a nil or 

empty location for the pointer next, in that, it points to nothing. When backtracking 

occurs because of an infeasibility or feasibility, the pointer searches the linked list for 

the latest variable with the label'+ + '. To remove this variable and succeeding ones 

from the feasible basis, the pointer simply redefines its location to skip over these 

variables to expand the linked list once more (Figure 6.4). Once all branches have 

been enumerated and an optimum solution to (M) found, the memory associated with 

the partial solutions is released and reclaimed for the next iteration. 

6.2 Program Development 

The MINE-OPT computer model is composed of 9 separate subroutines or p1rocedures 

that are responsible for specific functions in the solution process. A detailed flow-

chart of the model is given in Appendix A. The associated program code is given in 

Appendix B. 

The first procedure is 'Datalnput' and deals with the user input of both mine system 

and productivity parameters. Mine system parameters involve the values of X, Y, and 

Z, which are used to define the boundaries of the investigation area. The length of 

each time period, in hours, is required to calculate a machine productivity per time 

period. Also entered is the number of production units, where each unit is assumed 

to be composed of either a front-end-loader or power shovel, one drill, one or more 

similar haul trucks, and a single coal loader. 

For each production unit, specific production rates are required for the scheduling 

model. For the front".'end-loader or shovel, the user must enter the bucket capacity 
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in loose cubic yards, the bucket fill factor as a fraction between zero and one, the 

cycle time in minutes, and the operator efficiency as a fraction between zero and one. 

For the drilling operation, the average drilling is required in vertical feet per hour, in 

addition to the average burden and spacing utilized. It is assumed that the holes are 

loaded and primed immediately after drilling and that the blast time is negligible. For 

truck haulage, the required input includes the number of trucks, the average capacity 

in cubic yards, the average spot and dump times in minutes, and the average opera-

tor efficiency as a fraction between zero and one. Concerning the coal loader, data 

is entered in the form of coal tons loaded per hour. The final information required for 

each production unit is the overburden horizon to be removed by each unit. In other 

words, each unit is responsible for removing an overburden layer corresponding to 

a specific value of z on the coor.dinate grid. This assignment was necessary to re-

duce both model complexity and solution size. 

Other mine system parameters involve information on the value of tons per acre-foot 

(TPAF) and seam thickness for the particular operation. It was felt that computing 

coal tonnage on the basis of a TPAF value and seam thickness was more accurate 

than a similar calculation involving coal density, as an engineer is more likely to 

possess knowledge of the former value. 

The final input parameters entered represent data for each lift, such as, lift coordi-

nates, lift dimensions, required cell volume at that location, haul distance to the sec-

ondary fill site, and its position with respect to a coal seam. The lift coordinates are 

determined from a 3-dimensional coordinate system, which is superimposed over the 

mining area. Although the size of the coordinate grid is left to the user, it is neces-

sary that the y-axis be parallel to the highwall trend. This insures that the proper 
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precedence relationships and access times are developed in the program. For ex-

ample, removing overburden in a cross-ridge fashion necessitates that the grid be 

oriented with the y-axis perpendicular to the ridge. This results in highwall develop-

ment in the y-direction. The lift dimensions represent the bank or virgin values and 

are entered in either the metric or English measurement system. The required fill 

cell volume can be entered either as a fraction of the loose or swelled lift volume or 

as a pre-specified loose volume. Entering a value greater than or equal to zero and 

less than or equal to 1.0, results in the fractional value being calculated. A value 

greater than 1.0 resu Its in that magnitude being taken as the user inputed value of 

cell volume. By specifying a magnitude instead of a fraction, the user can create fill 

cells where no physical lift exists. Such flexibility is useful in sub-dMding a large 

case study into several smaller, more manageable sub-problems. An example of this 

technique is given in the next chapter. The haul distance to the secondary fill site is 

given in units which are compatible with those previously used for lift dimensions. 

For simplicity, only one secondary fill site is allowed, although more can be created 

by manipulating the cell volume entries. The final piece of input data is simply an 

entry which designates the lift as being adjacent to a coal seam. 

Entering lift data proceeds in a systematic and sequential fashion based upon the 

coordinate value of each lift. Ordering begins with those lifts possessing the mini-

mum x and y coordinate values. These lifts are entered according to increasing z-
.• 

value. When the maximum z-value is reached, the y coordinate is incremented and 

the process continued, until y=Y. The x-value is then increased, the process con-

tinued, until x=X, y=Y, and z=Z. 
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All input information is subsequently stored on a disk file which is referenced to a 

specific, user-selected, job name. The file containing the input information for a par-

ticular job is identified by the three letter extension, '.INP'. A listing of a typical input 

file is given in Appendix C. 

Procedure 'Process' converts input data to a form that can be used by the succeeding 

procedures. The input file is scanned and. dummy lifts inserted to completely fill the 

three-dimensional coordinate grid. Such lifts are used merely for bookkeeping pur-

poses and are not used in any computations. This procedure also calculates volumes 

for all lifts assuming a 35% material swell. These volumes are combined with the 

equipment productivities and mine system parameters to determine the processing 

times for every job p on every lift I. The processing times are subsequently used to 

calculate the earliest and latest access times and to construct the constraint matrix. 

A listing of the processed file is given in Appendix C and is interpreted in the follow-

ing manner. Column number 1 indicates the status of the lift, either dummy or real. 

A zero indicates dummy status, in that, this location was created merely to fill the 

three dimensional coordinate grid. A value of 1 indicates a real lift with either zero 

or non-zero cell capacity. A value of 2 indicates a lift location which possesses no 

volume but does possess cell capacity. Columns 2-4 give the lift location on the grid 

as the triplet (x,y,z). Columns 5-7 give the lift length, width, and height, respectively. 

The next two columns represent the cell volume and lift volume in loose cubic yards, 

respectively. Column 10 gives the haul distance to the secondary fill site. The next 

three columns give the processing times for operations 1,2,3, respectively. The val-

ues of a21 given in this file represent the initial values only, as the magnitudes are 

constantly updated during Algorithm (A1}. Finally, column 14 gives the production 
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unit designation for each lift. The capacity of the secondary fill site is given in the last 

line of lift data in column 8. The final entry is an approximation of the optimal 

makespan value and is used in presetting the binary variables. All processed infor-

mation is stored on a disk file with the extension '.PRO'. 

The procedure 'PreSetVar' conducts the presetting of the binary variables according 

to earliest and latest access times. With knowledge of the location of each lift and its 

processing times, the presetting proceeds in the manner discussed earlier. The val-

ues of the earliest and latest access times are stored on a disk file for easy retrieval 

with the user-selected job name and an extension of '.TIM'. 

Procedure 'Generate' develops the constraint matrix used by the implicit enumer-

ation procedure. This matrix is constructed in an efficient format, in that all extrane-

ous variables are eliminated. Appendix C illustrates the format of the constraint 

matrix. Columns one through four designate the job number, the lift number for a 

particular lift, the earliest access time, and the latest access time, respectively. The 

next four columns are organized in a similar manner for another job and lift. The 

negative values of access times arise from the format of either constraint (4) or (5), 

in that the succeeding job and lift is always negative. The last column is the proc-

essing time for that job-lift combination with the positive access times. Again, the 

structure follows directly from either (4) or (5). Only the earliest and latest access 

times are needed as all other times must fall between these two values. The con-

straint matrix is stored in a disk file with the job name heading and the extension 

'.GEN'. 

Procedure 'BinaryVarSet' is used to initialize the (0-1) variables prior to enumeration. 

A masking routine is used, whereby all binary variables are initially set to some ar-
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bitrary value before being changed to either zero or one, as required by the enu-

meration. Because the three dimensional scheduling array is very large, it was 

decided to separate its formation from the rest of the program. Such action was 

needed to circumvent the memory requirement of 64K, which is placed on the size 

of all local variables and arrays. By placing this three dimensional scheduling array 

in its own procedure, the remaining enumeration routines could be further developed 

without worry of violating this limit. 

Procedure 'ZeroOneEnumerate' performs the actual (0-1) implicit enumeration to de-

termine the optimal equipment schedule. To increase the efficiency of the computer 

code, this procedure calls several other procedures and functions which are repeat-

edly evaluated throughout the enumeration process. 

Optimal assignment of binary scheduling terms to the partial solution occurs by 

evaluating the upper and lower bound of each variable. As previously discussed, this 

is conducted by manipufatin~ the enumeration parameters tn, r P' l:t-:-, l:r+, and aql· 

With each new addition to the partial solution basis, these parameters will change. 

In the scheduling model, procedure 'UpdateParameter' is responsible for updating 

these values. After each addition to the basis, the constraint matrix is examined and 

these values re-calculated. 

As each (0-1) variable is added to the solution basis, the external constraints, re-

presented by constraints (4) and (5), are necessarily satisfied, as they are included 

in the selection process. The internal constraints represented by constraints (2) and 

(3) are generally not satisfied because the selection of the added variable is made 

independent of these expressions. However, the internal constraints must be satis-
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fied. Therefore, procedure 'SolveBinaryConstraints' determines those variables 

which must be added to the solution basis to satisfy the internal constraints. 

'SolveBinaryConstraints' is also responsible for heap management within the mine 

scheduling model. As the solution basis increases, this routine adds each basic 

variable to the linked list, while updating the heap pointers. However, from Figure 

6.4, heap memory is never reclaimed during a backwards move from a fathomed 

branch. The heap pointers, specifically the 'Next' pointers, are simply assigned a 

new variable in the linked list. Because heap storage is finite and cannot be recov-

ered, there is a possibility that the linked list might eventually fill the heap area. This 

will result in an error and will cause the program to terminate. 

To avoid this possibility, a continuous check is made of heap size and remaining heap 

capacity. If the remaining storage falls below a specified amount, the contents of the 

heap are "backed-up" onto disk. The responsibility of "backing-up" the heap resides 

in the routine 'BackUpHeap.' If the remaining storage falls below the critical value, 

a disk file, 'SCRATCH.FIL', is created and the contents of the heap read into this file. 

The heap area is released, thus reclaiming this storage capacity. The contents of 

'SCRATCH.FIL' are read back into the heap and enumeration continues. 

For purposes of this application, the threshold value for heap back-up is assumed to 

be 300 paragraphs, with each paragraph consisting of one binary variable. This value 

is purely arbitrary and magnitudes either higher or lower can be used successfully. 

The major criteria for selecting a threshold value, however, is to avoid very high 

magnitudes. At this point, the program spends too much time backing-up the heap, 

which extends the solution time of the problem. 
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Routine 'BranchCheck' is a boolean function which returns the value of True if suffi-

cient spoil capacity exists at time t to schedule job 2 on a lift I. Otherwise, the value 

of False is returned. This routine calculates the amount of spoil capacity created by 

lift extraction up to and including a time t and compares this value to the total lift 

volume extracted up to time t, including lift I. If the capacity exceeds the lift volume, 

then time t is feasible, otherwise, t is infeasible. If a value of False is given for all 

possible scheduling times e21 ~ t ~ s21 , then an infeasible equipment schedule exists 

and a backwards move must occur. 

Before enumeration begins, a simple check is made to insure that sufficient memory 

exists for the three dimensional area, Xpit· If not, error messages are printed and the 

program halted. Otherwise, the matrix file, < >.GEN, is accessed and its values of 

p, I, epl• spl• and ap1 read into a series of arrays. Within these arrays, each combina-

tion of p and I can be located by a constraint number, r, and another number, j, which 

indicates its position in either the left or right half of the matrix. As before, further 

partitioned occurs by determining the total number of constraints, Oc, and the number 

of lift precedence constraints, 0 1, in the matrix. Throughout enumeration, a value, 

p·, is maintained to indicate the next value of p that should be scheduled. At the be-

ginning, for example, p· = 1. After operation 1 is scheduled, p .. is updated to 2, and 

so on. Using the value of p·, the appropriate quadrant of the matrix can be deter-

mined using a range of rand the value of j. If p· = 1, then 1 ~ r ~ 0 1 and j = 1. For 

p· = 2 or 3, then 0 1 + 1 ~ r ~ Oc and j = 2. 

Implicit enumeration begins by determining initial values of the enumeration param-

eters ·tn, r P' l:r, l:r+, and apl· Using these values, the upper and lower bounds are 

calculated for each binary variable in each constraint. For those variables whose 
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bounds are less than one and greater than zero, they are assigned to the partial sol-

ution accordingly. The routine 'UpdateParameter' is then accessed to adjust the pa-

rameters tn, r P' I:t-, I:r+, and ap1 for the next examination of the constraint matrix. 

This process continues until the upper and lower bounds are insufficient to set any 

variable to either zero or one. The search begins to find that variable, Xplt• which 

possesses the minimum total infeasibility or, in other words, the absolute amount by 

which all constraints, r, are violated. Using the rules developed earlier, the candidate 

variables are examined and one selected. After this variable is added to the solution 

basis, the enumeration parameters are updated in procedure 'UpdateParameter' and 

the binary constraints solved in procedure 'SolveBinaryConstraints.' 

The enumeration process continues until a complete feasible solution is found or an 

infeasible sequence arises. Feasible solutions are stored on disk in a file designated 

as 'PARTIAL.SOL.' The information is arranged in a sequential manner with each 

record consisting of a label, either ' +' or '+ + ', followed by the values of p, I, and 

t. Each improved feasible solution, which is generated by procedure 

'ZeroOneEnumerate', writes over the current solution file. When enumeration ends, 

the current solution present in the disk file is optimal. Multiple feasible solutions are 

not designated, due to storage considerations, yet can be printed out at each iter-

ation. 

Procedure 'Transport' conducts the primal-dual modeling required to solve Problem 

(L). The solution file '< . >.SOL' is initially accessed and the values of p, I, t are read 

to determine the scheduling time of every job p on each lift I. In this way, the load-

haul productivities for all combinations of lifts and fill cells are calculated and further 

adjusted to eliminate any infeasible haulage combinations. This problem is devel-
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oped to conform to the standard transportation tableau, in that adjacent sides repre-

sent lifts and fill cells. In this case, the tableau is square with its size given by N x 

N. 

Finally, the scheduling model consists of a 'Main' core which controls access to each 

of the individual procedures and functions. Control initiates in this module where the 

various user options are displayed and appropriate action taken. The 'Main' proce-

dure is also responsible for calculating the necessary estimates on Problems (M) and 

- (L). If I E1 - E2 I s: o, then the solution procedure ends and the optimal values are 

printed. Otherwise, the current values of a21 are stored on disk as a starting point for 

the next iteration. The file name consists of the job name with a three digit extension 

referring to the iteration number, such as 'TEST.001.' If the iterative process is con-

tinued at a later time, the user is prompted for the filename of the most recent sol-

ution, which the user can enter at the appropriate time. 

As previously discussed, overlays can be used to reduce the memory requirements 

of a program. For the mine scheduling program, procedures 'BinaryVarSet' and 

'Transport' are incorporated into two overlay files. For each iteration of the decom-

position algorithm each overlay is called only once, which provides a negligible in-

crease in solution time, but with a substantial savings in memory. 

Several procedures are labeled as include files to avoid the 64K capacity of the Turbo 

Editor. These include the routine 'Datalnput,' 'Process,' 'PreSetVar,' and 'Generate.' 

Several utility files are also included in the program to provide various functions such 

as error checking for input/output and screen improvement. 
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6.3 Use of the MINE-OPT Scheduling Software 

This software package is designed to operate on an IBM Personal Computer or 

compatible machine with a capacity of 512K RAM. The necessary peripherals include 

either two floppy disk drives or one floppy and one hard drive, a dot matrix printer, 

and either a color or monochrome monitor. Although the monitor type does not affect 

the solution, the program code was written with coloring included. The only disad-

vantage of using a monochrome monitor is that the colors and any visible text will 

be quite faint. This, however, can be remedied by increasing the contrast on the 

monochrome screen. 

The software was written in Turbo-Pascal version 3.0 and is fully operational using 

MS-DOS version 2.1. Should the computer have an internal 10Mb or 20Mb hard drive, 

DOS version 3.2 can then be used to provide greater compatibility with the hard drive. 

The enclosed diskette contains all the necessary software to interactively construct 

an input data file and to solve the mixed integer scheduling model (P). To transfer 

this software to a host computer with two disk drives, place the DOS diskette in drive 

A and a blank unformatted diskette in drive B. With the DOS prompt given as (A>), 

format the diskette and transfer the DOS system to drive B by typing "FORMAT B:/S" 

and pressing either enter or return. After the disk is formatted, open drive A, remove 

the DOS diskette, and replace it with the software diskette. Type "COPY * .* B:/V" to 

copy all software files to the B drive. 

If the host computer has a hard drive, set the default drive to C by typing "C:" and 

pressing return. Create a directory for the MINE-OPT software by typing 

"MD\MINE-OPT" and "RETURN." Change the current directory by typing 
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"CD\MINE-OPT" and "RETURN." Insert the software diskette and type "COPY*.* C:/V" 

AND "RETURN." Store the original MINE-OPT diskette in a safe place for future use. 

To run the mine scheduling software, first set the default drive to "A>" for a two drive 

system and type "MINE-OPT" to start the program. This input executes a command 

file, "MINE-OPT.COM," which automatically loads the program. For a hard drive sys-

tem, set the default drive to "C>" and type "CD\MINE-OPT" to find the appropriate 

directory. Again, typing "MINE-OPT" loads the software package. 

The mine scheduling model was written in a menu-driven format and consists of four 

different options that the user may select. 

Main Options Menu 
1. Create Data Fi le 
2. Process Data Fi le 
3. Solve Mixed Integer Model 
4. Return to Operating System 

The first option invokes the routine 'Datalnput' for creation of a file containing the 

mine system parameters. Data input is entirely interactive with the user being 

prompted for the appropriate information in a series of screens. Upon entering the 

data input phase, the first screen appears. 

Optimization Parameters 
Value of Xmax: 
Value of Ymax: 
Value of Zmax: 

Magnitude of each time period (in hours): 
Number of production units: 

Production unit number for lifts with z = : 
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The user first inputs the maximum values in the x, y, and z directions, up to magni-

tudes of 20, 5, and 3 units, respectively. The magnitude of each time period, in hours, 

is entered next to compute various productivities. The final data on this screen is 

entered for all z values from one to Zmax. This information is necessary to insure 

that one production unit is paired with at least one distinct overburden layer, z. 

The next screen is concerned with the input of equipment specifications and produc-

tivities for the three unit operations, as shown in Table 6.1. This screen is repeated 

for each production unit entered above. 

The fill'al screen is concerned with the input of the lift and fill cell data, such as lo-

cation, dimensions, cell volume, haul distance to secondary fill site, and adjacency 

to a coal seam. This screen is given below. 

Lift and Fill Cell Data 

x-coordi nate: 
y-coordinate: 
z-coord i nate: 

Lift length (ft.): 
Lift width (ft.): 

Lift height (ft.): 
Lift fraction (volume) filled: 

Haul distance to secondary fill site: 
Lift adjacent to coal seam? (1 = yes,O =no): 

The second option is then used to convert this information to a form usable by the 

software. 
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Table 6.1 Data Input for Equipment Productivities 

Productivities 
Number of drills present: 

Average productivity/drill (vert.ft/hr): 
Average coal loading productivity (tons/hr): 

Mine System Parameters 
Average burden used (ft.): 

Average spacing used (ft.): 
Average coal thickness (ft.): 

Value of tons per acre foot (tpaf): 

Load-haul Production Values 
Loader capacity (struck cy or 85% of rated cy): 

Loader fill factor (i.e. 0.85): 
Loader cycle time (minutes): 

Job efficiency of loader (i.e. 0.90): 
Rated truck capacity (Icy): 
Number of trucks utilized: 

Truck spot time (minutes): 
Truck dump time (minutes): 

Job efficiency of trucks (i.e. 0.90): 
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Upon selecting the third option, control is passed to a menu where the user may 

specify several parameters, which are shown in the following table. 

Solution Parameters 
Job Name: 

Do current access times exist (y/n)? : 
Does a partial solution exist (y/n)? : 

Iterative accuracy : 

The response to the first option is an 8 character name identifying the mine site or 

mining method, i.e. Xridge, denoting a cross-ridge mining system. If the 

earliest/latest access times and the resulting constraint matrix are valid for this run, 

then an answer of 'Y' or 'y' wil I directly access the fife '< >.TIM' to retrieve this in-

formation. Maintaining this data on fife serves to reduce start-up time by bypassing 

the procedures 'PreSetVar' and 'Generate.' It is important to note that both the at-

cess times and the constraint matrix must be valid for the job name used. The final 

response for the user deals with the necessary value of o, which is used to judge the 

accuracy of the estimates. For a smaller o value, more iterations may necessarily 

be required to solve the mixed integer problem (P). Therefore, it is important to bal-

ance the need for increased accuracy against the need for a quick solution. 

If a feasible solution exists from a previous iteration of algorithm (A1), then this data 

can be used as a starting point for this iteration. This information consists of the dual 

values and processing times, a21 , for I= 1, ... ,N. An answer of 'Y' or 'y' prompts the 

user for the name of the solution fife, in the form of'< > .OOr,' where r is the iteration 

number. For example, the fife 'XRIDGE.001' contains information from the first iter-

ation which can be used for start-up in the second iteration. 
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Control is then passed to a second menu where the user can enter values for the 

implicit enumeration phase of the algorithm. 

Enumeration Parameters 
Volume ratio, i.e. 1.50: 

Number of feasible solutions: 
Print all feasible solutions (y/n)?: 

w 
The first parameter deals with the volume ratio, W w, and its use allows the user to 

u 
control the priority for extracting the bottom lifts. The last option permits the user to 

select a threshold value for controlling the branching enumeration tree. This number 

represents the number of feasible solutions found before enumeration ceases. A 

high number forces the algorithm to investigate a greater portion of the tree, than 

does a low number. However, as more of the tree is searched, the solution time in-

creases. It is, therefore, necessary to balance the required accuracy against the al-

lowable solution time. With the third option, all feasible schedules are printed, 

otherwise, only the optimal schedule is kept on disk file. 

When this menu is finished, control is passed to procedure 'ZeroOneEnumerate' to 

conduct the implicit enumeration. During enumeration, the current status of the al-

gorithm is displayed, for example, 'Solving binary constraints' or 'Searching con-

straint matrix.' Each variable entering th"e solution basis is displayed on the screen 

with its value, either zero or one. If upper and lower bounding is insufficient to set 

a binary variable to either zero or one, the program displays this fact and indicates 

the number of candidate variables currently investigated to enter the basis. When a 

variable is selected, it is displayed as being set to one. The screen also shows the 
t 

number of feasible solutions found and the best makespan value found so far. 
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When a feasible solution is found, a message is displayed on the screen with the 

current value of the makespan. If a branch is fathomed as infeasible, a message is 

displayed to indicate this fact. 

Very little user input is needed to solve the primal transportation problem (L). Control 

is automatically passed to procedure 'Transport,' where load/haul productivities are 

calculated and modified according to the feasible machine schedule found in proce-

dure 'ZeroOneEnumerate.' The progress of the primal-dual algorithm is charted on 

the screen, as indicated by 'Determining DFS' (dual feasible solution), 'Determining 

BFS' (basic feasible solution), 'Updating Dual Variables,' or 'Updating Primal Flows.' 

Control is then passed to the 'Main' program, where the upper and lower estimates 

are computed, as given in algorithm (A1). If I E1 - E2 I ::;:; o, then the mixed integer 

problem (P) is solved and a hard copy of Xpit and V1c, for I and c = 1, ... ,N and t = 1, ... ,T, 

obtained. If the o value is not met, the optimal values to Problem (L) are stored on the 

disk file < > .'*', where '*' is a three digit extension denoting the iteration number. 

Control is again passed to the 'Solution Parameters' screen, and the process begins 

once more. 
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CHAPTER 7 

VERIFICATION OF THE MINE SCHEDULING MODEL 

7.1 Introduction 

Mountaintop removal is a widely utilized approach to surface mining in the 

Appalachian coalfield. In mountaintop removal, lift extraction can be classified as 

cross-ridge, contour, or a combination of both. The method utilized is often related 

to the size of the mining site, equipment inventory, and the presence of any previous 

mining activity, such as existing benches. In general, however, cross-ridge removal 

systems are superior under most operating conditions, in that operating efficiency, 

production smoothing, spoil retention, and flexibility are improved (Mathematica, 

1977a). 

To validate the scheduling model, operational data was obtained from a represen-

tative mountaintop removal operation in the Appalachian region. This information 

dealt with overburden topography, lift development, equipment inventories, equip-

ment productivities, and required reclamation. Since some of the necessary data was 

not available, certain assumptions were made regarding this information. In an effort 
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to provide a comprehensive analysis for varying site conditions and mining methods, 

a single seam operation was examined. · 

7.2 Site Description 

The case study investigated is a 28 acre mountaintop removal operation in Kentucky. 

At this site, three splits of the No. 5 Block seam combine to form one continuous 

12-foot seam containing several partings. Recoverable reserves are approximately 

600,000 tons of low sulfur steam coal. Overburden is composed of 3 feet of uncon-

solidated material overlying both a bed of sandstone and an interbedded layer of 

sandstone and shale. A suitable hollow fill or secondary fill site exists nearby 

(Mathematica, 1977a). 

Overburden is removed using a cross-ridge mining method, where cuts are taken in 

the north-south direction or perpendicular to the ridge as shown in Figure 7.1. In 

actual practice, parallel-ridge cuts 4 and 14 are made to provide access for the haul 

roads. However, these developments are totally site specific and must, therefore, be 

developed with prior knowledge of the intended mining plan. For this reason, such 

occurrences are avoided for the verification of the scheduling model. 

As illustrated in this figure, mining begins at the saddle area of the mountaintop and 

proceeds outward in both directions as indicated by the cut numbers. When a 60 foot 

highwall is reached, cut 4 is taken to provide access for the haulroad to the west end 

of mountaintop. Mining then proceeds eastward across the ridge until the saddle 

area is again reached. At this point, lift 14 is extracted to provide haulroad access 

and the remaining overburden removed in a westward direction. In this operation, 

154 



Figure 7.1 Plan View of Mountaintop Removal Operation (After Mathematica, 1977a) 
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overburden is actually removed in four lifts. The top two lifts are dozed to the loader, 

a practice called "dozer-trapping." The material is then loa.ded into trucks and hauled 

to the secondary fill site. The bottom two lifts, on the other hand, are loaded into 

trucks, with and without dozer support, and hauled to various locations on the active 

bench. A section view of the lift structure for this cross-ridge mining plan and the 

final reclamation contour are shown in Figure 7.2. 

This operation was first analyzed by Mathematica, Inc. using their MATHMINE pro-

duction and cost model. This package uses an analytic approach to determine the 

necessary production schedule to satisfy a required mining period (makespan) and 

production rate for a particular mining operation. This model first develops a mining 

plan based on user entered values of overburden characteristics, equipment inven-

tories and productivities, and the required mining period and production rate. The 

mining activity is then simulated to estimate the required mining period. If the cal-

culated period exceeds the user entered value of makespan, equipment is deleted 

from the required inventory. On the other hand, if the resultant mining period is too 

short, equipment is added to the inventory and the process repeated. Should the 

mine plan be insufficient to satisfy the necessary production rate, both the original 

mine plan and equipment inventory are modified, and the process repeated. This 

procedure ends when the calculated makespan and required makespan are equal 

and the mine plan produces coal at the required rate (Mathematica, 1977b). 

A preliminary analysis of this operation using the MATHMINE model indicafed that the 

required production of 1000 tons per day was satisfied with a mining period of 28 

months, working one shift per day and five days per week. The required inventory 

consisted of two dozers, two front end loaders, four 50 ton haul trucks, one coal 
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loader, and two vertical overburden drills. Approximately 46 percent of the overbur-

den was kept on the bench. 

7.3 Application of the Scheduling Model 

Application of the scheduling model to this case study required several modifications 

to the field data. The first dealt with reduction of the problem in terms of N and T. 

It was evident from the lift structure that lift 1 was similar to lift 2 and that lift 3 was 

similar to lift 4, in that, the overburden from each pair was hauled to the same lo-

cation. It was, therefore, possible to combine lifts in the vertical direction to reduce 

N as given in Figure 7.3. This magnitude was further reduced by combining lifts vol-

umes in the horizontal direction, or in other words, combining cross-ridge cuts, as 

shown in Figure 7.4 and 7.5. This pairing is sufficient to reduce the number of lifts 

from 76 to 43. Despite the lower value of N, it was necessary to further reduce the 

problem size by reducing the magnitude of N. By choosing each time period with a 

five shift or 40 hour duration, the problem was sufficiently small to handle. Although 

accuracy was reduced somewhat by the larger values of N and T, the improved sol-

ution time was much more important. 

By combining lifts as previously discussed, the final size of the model was X= 14, 

Y = 3, and Z = 2, yielding 43 lifts. Using the information given in Figures 7.3 through 

7.5, the required input file was created according to the guidelines specified in the 

previous chapter. A listing of this and the processed data file are given in Appendix 

D, with the associated lift numbers. Note that the secondary fill site, which has a cell 

volume of approximately 2.12 million loose cubic yards, is given a lift number of 44. 
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When developing equipment productivities, it was discovered that specific values of 

drill hole size and bucket capacities for the coal and ov~rburden loaders were not 

available in this study. Rather, a range of capacities was given as indicators of the 

machines generally found at typical surface mining operations. These included front 

end loaders with capacities in the range of 10 to 13 cubic yards, coal loaders with 

capacities in the range of 6 to 7 cubic yards, and vertical overburden drills with 6-5/8 

. inch diameter bits. The equipment selected for this study were developed from these 

guidelines and from the general practices of surface coal operators in the 

Appalachian coalfield. This included two 13 cubic yard front end loaders for over-

burden removal, one 6 cubic yard coal loader, four 50 ton haul trucks, and two vertical 

overburden drills. 

The presence of two front end loaders indicates that the two production units should 

be operated in parallel: each unit consisting of a front end loader, an overburden 

drill, two haul trucks, a coal loader, and two dozers. Unit number 1 is used to remove 

overburden on the top lift horizon, where z = 1, and unit number 2 is used to remove 

the lower horizon, where z = 2. The various cycle times and productivities used in 

this analysis are listed in Table 7.1 and are determined from representative values for 

machines of their capacity. 

7 .4 Analysis of the Case Study 

The initial analysis of this case study was conducted using the scheduling model with 

a value of R* = 1.0, a value of o = 0.1, and a (0-1) variable tree search of 35 branches. 

A very low value of R* was selected to provide a larger enumeration tree to search 

for an optimal makespan value. The magnitude of o was chosen after repeated test-
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Table 7.1 Equipment Parameters for Analysis 

Parameter Unit 1 Unit 2 
Loader Capacity (cy) 13.0 13.0 
Bucket Fill Factor 0.85 0.85 
Cycle Time (minutes) 0.50 0.50 
Operator Efficiency 0.90 0.90 
Truck Capacity (Tons) 50 50 
Number of Trucks 2 2 
Dump Time (minutes) 0.50 0.50 
Spot Time (minutes) 0.50 0.50 
Operator Efficiency 0.90 0.90 
Drill Rate (ft/hr) 75 100 
Coal Loading (tph) -- 450 
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ing with higher and lower values. While higher values tended to produce sub-optimal 

results, the solution time was much faster. The opposite tended to be true for smaller 

values of 8. As a compromise between accuracy and solution time, the value of 0.1 

was selected. Finally, longer tree searches were initially contemplated to determine 

an makespan value, z·. Although detailed tree searches over 150 branches were 

conducted, no improvement in the makespan value was seen after 35 branches. To 

provide quicker solution times to this and other examples, 35 branches was taken as 

the upper limit for the remainder of this and all subsequent analyses. 

The results of the analysis are given in Table 7.2 and indicate that seven iterations 

were required to obtain an optimal completion time (makespan) val,ue of 82 time pe-

riods or 410 working shifts. Included in this value is the corresponding total trans-

portation time of 135.3 time periods or 676.5 working shifts. At optimality, the 

estimates of Problem (P) converge to a value of 217.30. Solution time for this analysis 

was approximately 12 hours. 

To analyze the results of this and many other industrial scheduling problems, an idle 

time approach is often utilized. For this model, a variation of idle time was used, 

which required the application of two concepts. These involved the idle time experi-

enced by the machine, where no working face or bench was present, and the idle 

time experienced at the working face, where no machine was available. 

To further apply these concepts to this scheduling model, the idle time experienced 

by the machine was further referenced by the operation and lift location, 1~ 1 • This 

variable refers to the time, in number of time periods, that a machine performing op-

eration p on lift I was idle until a free working face became available. The equipment 
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Table 7.2 Optimization Results for R. = 1.0 . 

k . 
E1 

. 
E2 z y 

1 69 69.00 131.60 200.60 
2 83 214.60 135.50 218.50 
3 82 217.50 135.31 217.31 
4 86 221.31 135.02 221.02 
5 83 218.02 135.80 218.80 
6 82 217.80 135.30 217.30 
7 82 217.30 135.30 217.30 
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wait times were expressed as a function of the scheduling times, tP1 = {t such that 

Xptt = 1}. 

In this derivation, lift (l-1) is the immediate predecessor of lift I in the optimal se-

quence, affected by the same production unit. For this case study, the values of I~ 

are obviously not applicable for the upper lift horizon; as operation 3 is not conducted. 

The final value is created in a similar manner, where lh1 is the time, in number of time 

periods, that a lift location I is idle between the finish of the an operation (p-1) and the 

start of the succeeding operation p. 

In this case, the expression is valid for p = 2 and 3. For p = 1, lh1 is assumed to be 

zero for all lifts, I. 

Using these expressions, various indicators of operational efficiency are developed. 
N 

The equality, 1g = 1 ~1 1g1 , yields the total wait time that an operation p must wait until 
N 

a free working face appears. Likewise, the summation, l 1rpt• yields the total time, 
1=1 

lh that all working faces are idle while waiting for operation p to begin. 

Using these parameters, it is possible to compute the idle time which results directly 

from the lack of adequate spoil room on the bench. Such values become important 

when increasing amounts of spoil are retained on the active bench. Because the lack 

of available spoil room affects the overburden removal operation, only its idle time 

values are utilized. When both 1~1 and 1~1 equal zero for some lift I, then no idle time 
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is accumulated by the second operation at that location. If 1~1 is non-zero when 1~ 1 = 

0, then all idle time can be entirely attributed to equipment conflicts at lift I. A similar 

statement rs made for location conflicts when 1~ 1 is non-zero and 1~1 = 0 at lift I. When 

both parameters are non-zero, then the idle time cannot be entirely attributed to ei-

ther machine or lift conflicts. In this case, the idle time is due to the lack of sufficient 

fill cell capacity on the working bench, in which case, the start of overburden removal 

must be delayed until adequate capacity exists. Theis idle time is given by the min-

imum of {1~1 , 1~ 1 } for each lift I. 

Examination of the optimal schedules in Tables 7.3 and 7.4 reveals the following 

characteristics for both the lower lift horizon and the upper lift horizon. In these ta-

bles, the optimal scheduling times, tpl• are given for every operation p on each lift l. 

Also included are the values of the processing times for each operation. The final 

six columns give the idle time parameters calculated according to the previous 

methods. 

Concerning Table 7.3, analysis indicates that the major equipment delays occur at the 

third operation, where an idle time of 43 time periods arises. This results in the coal 

loading operation being utilized approximately 1 - :; , or 48 percent of the time. 

Equipment utilizations for the drill/blast and overburden removal operations are 

roughly 99 and 96 percent, respectively. This data also indicates that the idle time 

of a face or bench is 47 periods or approximately 52 percent of the makespan value 

while waiting for the second job to begin. The idle time percentages are significantly 

less for the third operation. Such information suggests that the first two operations 

are well matched, in that, the idle times are relatively low. However, the second op-

167 



Table 7.3 Optimal Equipment Schedule for Production Unit 2 

I t11 a11 t21 a21 t31 a31 lr1 I~, I~, ,~, I~, I~, 
1 1 2 3 3 6 2 - - - - 0 0 
2 3 1 6 1 8 1 0 0 0 0 2 1 
3 4 1 7 1 9 1 0 0 0 0 2 1 
4 5 3 8 4 12 2 0 0 2 0 0 0 
6 8 2 12 3 15 1 0 0 1 0 2 0 
8 10 2 15 1 16 1 0 0 0 0 3 0 
10 13 4 17 3 20 2 1 1 3 1 0 0 
13 17 1 20 3 23 1 0 0 1 0 2 0 
12 18 4 23 3 26 2 0 0 2 0 1 0 
14 22 2 26 2 28 1 0 0 0 0 2 0 
16 24 3 28 5 33 1 0 0 4 0 1 0 
18 27 4 33 5 38 1 0 0 4 0 2 0 
20 31 3 38 3 41 2 0 0 2 0 4 0 
22 34 2 41 1 43 1 0 0 0 0 5 1 -
24 37 3 42 6 48 1 0 0 4 0 2 0 
26 43 3 48 2 50 1 0 0 1 0 2 0 
28 46 1 50 1 51 1 0 0 0 0 3 0 
30 50 2 52 5 57 1 0 1 5 0 0 0 
32 53 3 57 4 61 1 0 0 3 0 1 0 
34 56 3 61 4 65 1 0 0 3 0 2 0 
36 59 4 65 2 67 1 0 0 1 0 2 0 
38 64 4 68 5 73 2 0 1 5 0 0 0 
40 68 5 73 4 77 2 0 0 2 0 0 0 
41 73 1 77 1 79 1 0 0 0 0 3 1 
42 74 1 78 1 80 1 0 0 0 0 3 1 
43 75 1 79 1 81 1 0 0 0 0 3 1 

1 3 43 1 47 6 
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Table 7.4 Optimal Equipment Schedule for Production Unit 1 

I t11 a1, t21 a21 t31 a31 I~, 1~, -1~, I~, 1~1 I~, 
5 1 2 3 2 - - - - - 0 0 -
7 2 2 5 2 - - 0 0 - 0 0 -
9 5 3 8 4 - - 0 1 - 0 0 -
11 8 4 12 6 - - 0 0 - 0 0 -
15 12 2 18 3 - - 0 0 - 0 4 -
17 14 2 21 3 - - 0 0 - 0 5 -
19 16 3 24 5 - - 0 0 - 0 5 -
21 19 2 29 2 - - 0 0 - 0 8 -
23 21 4 31 6 - - 0 0 - 0 6 -
25 25 4 37 6 - - 0 0 - 0 8 -
27 29 2 43 3 - - 0 0 - 0 12 -
29 31 3 46 4 - - 0 0 - 0 12 -
31 34 4 50 3 - - 0 0 - 0 12 -
33 38 4 53 2 - - 0 0 . ·- 0 11 -
35 42 3 55 4 - - 0 0 - 0 10 -
37 45 3 59 5 - - 0 0 - 0 11-
39 48 3 66 2 - - 0 2 - 0 15 -

0 3 - 0 119 -
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eration appears to be the bottleneck in the mining cycle, given the relatively high 

values of a21 compared to the other processing times and the value of I~. 

This situation could be remedied by increasing the productivity for operation 2 by 

using a larger loader or dozer, or implementing dozer assist or trapping to the loader. 

The disadvantages of this change might be a loss of compatibility between operations 

1 and 2, thus increasing I~. Another remedy might be a reduction in size of the coal 

loader. The disadvantages include a possible increase in lsp• due to the decreased 

productivity of the third operation. Such trends were not fully investigated because 

an economic analysis would be.necessary to justify these changes. 

From Table 7.4, there is little equipment idle time, given the very low values of I~ and 

I~. The extremely high value of I~ indicates that, again, overburden removal is pos-

sibly the bottleneck operation. Much of the delay arises from the high processing 

times, a21 , when compared to those of other operations. For lift 39, however, the de-

lay of the second operation is a result of inadequate spoil room. In this case, lsp = 

minimum of (15, 2) = 2. 

The optimal distribution of overburden is given in Table 7.5 as a volume (loose cubic 

yards) transported from lift I to fill cell c. The results indicate that most overburden 

movement to the secondary fill site was conducted in either lifts 1 through 7, when 

no spoil room was available, or lifts 13 through 17, which were very close to the fill 

site. As a means of analyzing these results, it is often desirable to examine the dis-

tribution of overburden removal productivities through the mining operation. Such 

an analysis has been conducted and the results given in Figure 7.6. This data indi-

cates that the productivities for operation 2, given in loose cubic yards per hour 

(Icy/hr), are distributed with an average productivity of 1050 loose cubic yards per 
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Table 7.5 Optimal Overburden Distribution for R* = 1.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 31 2 10924 
2 44 40500 31 12 30670 
3 44 45600 31 24 89031 
4 44 126000 32 2 4609 
5 44 53200 32 10 . 15791 
6 44 68400 32 11 54714 
7 44 53200 32 12 42066 
8 4 68400 32 18 25320 
9 1 57915 33 2 437 
9 44 37085 33 26 88594 
10 2 8330 33 28 41594 
10 4 19800 34 3 18240 
10 6 61560 34 10 5194 
10 8 61560 34 11 7589 
11 44 133000 34 12 31680 
12 9 54150 34 20 62876 
12 10 109090 34 26 437 
13 44 65000 34 28 4609 
14 44 79200 35 44 80750 
15 44 63840 36 29 39600 
16 44 134520 36 30 79200 
17 44 77700 36 31 33200 
18 13 26000 37 44 99750 
18 14 34848 38 11 17497 
18 44 94552 38 12 37603 
19 44 101010 38 20 5662 
20 16 104926 38 33 18099 
20 44 31574 38 36 98800 
21 44 51480 38 44 7589 
22 18 99000 39 33 21424 
23 44 115625 39 34 78326 
24 44 115625 40 31 26887 
25 44 115625 40 32 119700 
26 20 67962 40 33 20564 
26 22 47663 40 34 20949 
27 44 51337 41 38 42625 
28 22· 51337 42 38 48000 
29 44 90000 43 38 39050 
30 44 99000 43 44 8950 
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hour. It is also apparent that the data can be approximated by a bell curve, which is 

slightly skewed to the left, or towards the lower productivJties. 

This graph is then transformed so that the cumulative percent overburden removed 

is given versus productivity in loose cubic yards per hour, as shown in Figure 7.7. 

With the given equipment productivities, it became apparent that load-haul produc-

. tivities were consistently less than or equal to 1000 Icy/hr. Dozing productivities, on 

the other hand, ranged from 1000 Icy/hr to over 2500 Icy/hr. Using this information 

on Figure 7.7, it is evident that load-haul stripping is responsible for roughly 56% of 

the overburden removed. The remaining 44% is allocated to dozer stripping. This 

indicates that the load-haul system is slightly more favored, thus resulting in the shift 

of the distribution. 

The results from the Mathematica, Inc. simulation study revealed a completion Hme 

of 28 months or 530 working shifts. Although no information was gathered regarding 

the assignment of overburden volume to fill cell locations, the mine plan indicated 

that, in general, material from the upper lift horizon was hauled to the valley fill, while 

the remaining overburden was kept on the working bench. Examination of the opti-

mal overburden assignment plan indicates that this plan is generally followed. 

Despite convergence to an optimal solution, the final makespan value determined by 

the model was different from the value determined by the MATHMINE model. The 

most probable cause of this discrepancy lies in the amount and quality of information 

available to the individuals responsible for the original study. Although the de-

scription of the operation was detailed in some respects, it was lacking in others, 

most notably the information regarding equipment schedules or lift sequencing. 

174 



Another major reason for the difference in final makespan value deals with the 

mechanism of the MATHMINE model. As discussed previously, this method does not 

use a true optimization approach, but rather, utilizes an analytic, or trial-and-error, 

approach to obtain a solution. For this reason, their solution can be considered 

sub-optimal and, therefore, quite different from the makespan value determined by 

this model. Further, their algorithm is based upon a required daily tonnage from 

which equipment inventories and capacities are ultimately derived. In this example, 

the MATHMINE model assumes a required tonnage of approximately 1000 tons per 

day for this operation. This is contrasted with the 1500 tons per day removed the 

optimal makespan calculated by the mine scheduling model. This is sufficient to 

cause the shorter makespan value from the scheduling model. 

To gain useful insight regarding model sensitivity, subsequent analyses of this case 

study were grouped into two categories. The first dealt with the effects on optimality 

due to variations in specific model parameters. These changes revealed detailed 

information regarding model responses to a number of criteria. The second group 

of analyses dealt with the effects of problem structure on the optimal value of Prob-

lem (P). In this case, changes were made in the reclamation contour and in the final 

size of the case study. 

7.5 Effect of Model Parameters on Optimality 

7.5.1 Initial Processing Times, a21 

As stated in Step 0 of Algorithm (A1), the processing times for operation 2, a21 , are 

initialized for all I = 1, ... ,N. This allows the first equipment schedule to be developed 

in Problem (M). Because the case study was initially run with all a21 = 1, this analysis 
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was made by varying these initial values from 1 to 4. Above the value of 4, the model 

became too big to satisfy the maximum memory requirements. As a further test, 

these processing times were also randomly initialized on the interval from 1 to 6, 

which represent the minimum and maximum values of a21 at the optimum. The re-

sults in all cases indicated that the optimal values of (P) in these instances were 

within several percent of the original values of z* and y*. An examination of the 

scheduling times, overburden assignments, and final processing times at optimum 

also indicated close correlation to those values in the initial case study. This analysis 

indicates that the optimality of Algorithm (A1) is independent of the starting values 

of the processing times. 

7.5.2 Critical Volume Ratio, R-

The effects of the critical volume ratio were investigated by varying its magnitude in 

integral values from three to five. As previously discussed, the volume ratio term 

provided a heuristic means of constraining the size of the binary variable search tree. 

As the value of R* increased, the makespan value, z*, and thus the final value of the 

mixed integer model should become less optimal, because less of the enumeration 

tree is investigated. 

The results by iteration are given in Table 7.6 and indicate that, in general, an in-

creasing ratio results in an increasing value of Problem (P), as calculated by the av-

erage of its two estimates, E1 and E2• Although the data generally reveals an 

increasing trend, it is apparent that z* is constant in all cases and that any variation 

in the estimates is attributable to the change in the value of y*. This information, along 

with that of Table 7.2, reveals that the optimal value of Problem (P) is equivalent for 

ratios 1.0 through 3.0, and for ratios 4.0 through 5.0. 
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Table 7.6 Optimization Results for R* = 3.0, 4.0, and 5.0 

R* k • E1 • E2 z y 
3.0 1 69 69.00 131.35 200.35 

2 88 219.35 135.04 223.04 
3 84 219.04 135.80 219.79 
4 84 219.80 135.30 219.30 
5 82 217.30 135.30 217.30 

4.0 1 69 69.00 131.35 200.35 
2 88 222.62 134.62 219.35 
3 84 220.27 136.27 218.62 
4 82 218.27 135.77 217.77 
5 82 217.77 135.77 217.77 

5.0 1 69 69.00 131.48 200.48 
2 87 218.48 134.62 221.62 
3 84 218.62 136.27 220.27 
4 82 218.27 135.77 217.77 
5 82 217.77 135.77 217.77 
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The optimal equipment schedules and overburden assignments for ratios of 4.0 and 

5.0 are given in Appendix E. The idle times have been calculated as before and are 

tabulated in Tables E.1 and E.2. Comparing these to Tables 7.3 and 7.4, reveals that 

the results are generally constant for ratios in the range of 1.0 to 3.0, and for 4.0 to 

5.0. However, for all critical ratios investigated, the idle times were approximately 

equal. The optimal overburden assignments were also analyzed and indicated that 

the optimal haulage scheme for R .. = 4.0 and 5.0 is quite similar to that for R .. = 1.0 

and 3.0. It is not surprising, therefore, that the average productivity is also constant. 

This trend of similarities among the various magnitudes of R. results from model in-

sensitivity when applied to this case study. This quite possibly arises when using a 

large time period, in that no variation in z· or y· is possible at this level. Although it 

is impractical to extend this claim to all other case studies, it appears that model 

sensitivity is significantly reduced when using a large time period. 

7.5.3 Variable Search Size 

Although the variable, R .. , has been utilized to restrict the search size among the 

branches of the enumeration tree, there was no means of constraining the size of the 

variable search within a branch. This is particularly important when upper and lower 

bounding fails to assign any (0-1) variables to the basis. As previously developed in 

Chapter 5, this results in a search for that variable which minimizes the total infeasi-

bility to the constraint matrix. For small problems, the time involved in searching the 

constraint matrix is of little consequence. However for larger problems, this time can 

sometimes be quite large and therefore constitute a major percentage of the solution 
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process. To gain a better understanding of the effects of variable search size on the 

optimality of (P), three different cases were investigated. 

The first involved a search of all possible candidate variables. Most of the early 

computer evaluations were conducted in this fashion and consequently, these sol-

ution procedures became very lengthy processes. The obvious advantage of such 

an approach is that all candidate variables were eventually investigated. The se-

lected variable must therefore possess the minimum infeasibility. 

The second case considered the search of a fixed number of candidate variables and 

saving that one which provided the minimum infeasibility. This technique more ef-

fectively utilizes the fact that all candidate variables are investigated, in order, from 

earliest available time to latest available time. Because the search progresses in this 

manner, truncation after a fixed number of investigations is still an efficient means for 

minimizing infeasibility. This modification has been extensively utilized in this in-

vestigation and has proved to be an adequate heuristic adjustment to the enumer-

ation process. 

The major disadvantage of this approach, however, involves selection of the search 

number. A large number provided no benefit over the first technique while a very low 

number may, in fact, find no candidate variable. The selection of this search number 

was based mostly on previous experience in this case study and on a trial-and-error 

approach with other values. For many of the analyses of this case study, a search 

size of 100 variables proved to be more than adequate. Reducing the search size to 

75 variables, however, was ineffective in many cases for finding any candidate vari-

able. 
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The final technique used for variable selection chose the first feasible candidate. The 

obvious advantage of this approach was its efficiency, io that, large problems were 

often more quickly solved. Selecting the first feasible candidate was also a practical 

approach for finding an initial feasible solution in a short amount of time. A major 

disadvantage of the first-variable technique was that optimality of the integer model 

(M) could not be guaranteed, due to the restricted search for candidate variables. 

When applied to this large case study, experience indicated an insignificant loss of 

optimality, when compared to the other search methods. 

7.6 Effect of Problem Structure on Optimality 

7.6.1 Bench Spoil Volume 

In addition to examining model parameters, an analysis of problem structure was also 

undertaken. In this instance, the intent was to examine those modifications to the 

case study itself. The initial modification dealt with an important trend in current 

surface mine planning, which concerns the amount of spoil retained on the working 

bench. Although bench spoil volume is related to post-mining land use, the in-

creased emphasis on approximate original contour (AOC) reclamation has resulted 

in more volume being retained on the bench. 

The first analysis concerned the effect on the values of z* and y· by varying the per-

cent spoil retained on the active bench. For purposes of this analysis, this percent-

age was varied from 0 percent to approximately 93 percent. Due to the number of 

bench spoil distributions which could result in a specific bench volume percentage, 

emphasis was placed on the creation of the approximate original contour (AOC) pro-

file. In other words, these percentages were achieved in a systematic manner, as 
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opposed to the random placement of spoil on the bench. For instance, to retain 59% 

of the total spoil on the bench, all lifts in rows one through six were completely filled. 

To achieve 83% bench spoil, all lifts in rows seven through 11 were additionally filled. 

Likewise, 93% of the spoil was retained on the active bench by completely filling all 

fill cells in rows one through twelve. A compilation of both bench and fill cell volumes 

are given in Table 7.7. 

Given the insensitivity of the values of z* and y* versus the critical volume ratio in this 

case study, it was decided that no further detail could be developed by examining all 

values of R+. Hence, all further analyses of variable bench spoil percentage were 

conducted for critical ratios of 1.0 and 5.0. 

The results of each analysis are illustrated below and are detailed in Appendix F for 

the various bench spoil percentages and volume ratios. This data indicates that fea-

sible solutions to the mixed integer problem are found when the percent overburden 

retained on the bench does not exceed 93 percent. At this level, no feasible schedule 

can be developed for Problem (M), and therefore, no solution is possible for Problem 

(P). The lack of solution for Problem (M) arises from the excessive idle times expe-

rienced by the second operation. Due to the increased amounts of spoil material re-

tained on the bench, the second operation must be constantly delayed so that 

sufficient spoiling capacity can be prepared. Although a feasible schedule can be 

constructed by greatly delaying the second operation on all lifts, this problem cannot 

be solved using the current computer model. In this case, the number of variables 

is very high and, thus, size restrictions prevent this problem from running on the 

personal computer. 
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Table 7.7 Analyses of Variable Bench Capacity 

Run Valley Fill Bench % Spoil 
l.D. Capacity (Icy) Capacity (Icy) on Bench 
1 4283314 0 0 
2 2129212 2154102 50 
3 1760141 2523173 59 
4 715750 3567564 83 
5 295500 3987814 93 
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% Spoil R* R* 
on Bench + + + + z y z y 

0 131 205.34 131 205.34 
50 82 135.30 82 135.77 
59 78 125.05 79 127.22 
83 74 96.29 74 90.32 
93 - - - -

For the r~maining analyses, a graphical interpretation of the results is given in Figure 

7.8 and indicates that an increase in bench overburden volume leads to a corre-

spending decrease in the optimal values of Problems (P), (L), and (M). The trend of 

Problem (L) is obvious when considering the higher efficiency of hauling overburden 

on the bench compared less efficient haulage to the secondary fill site. As the bench 

spoil volume increases, therefore, the optimal value of Problem (L) should decrease. 

The trend of Problem (M), on the other hand, is a combination of both the decrease 

of the processing times, a21 , from Problem (L) and the increased wait time experi-

enced by the overburden removal operation. This increase in wait time arises due 

to the lack of adequate spoiling capacity on the bench. When insufficient capacity 

exists, the second operation must be delayed until fill cell capacity is created. Be-

cause the value of (M) is decreasing, the increase in wait time must be sufficiently 

offset by the decrease in processing times. It is interesting to note that the rate of 

decrease in optimal (M) declines with increasing bench volume. This indicates that 

the increasing wait times and decreasing processing times tend to cancel each other. 

In other words, the two values become approximately equal as the bench spoil vol-

ume continues to increase. 

A compilation of the wait times for the various bench spoil percentages at a critical 

ratio of 1.0 is given in Table 7.8 for production units 1 and 2. By examining this data, 
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Table 7.8 Idle Time Values for Units 1 and 2 

Unit 2 
I l!f 1e I~ I~ 1; I~ lsp 2 

0 18 0 91 0 400 2 0 
50 1 3 43, 1 47 6 0 
59 2 3 39 0 41 5 0 
83 0 14 36 0 28 7 2· 

Unit 1 
I l!f I~ I~ I~ 1; I~ lsp 

0 0 1 - 0 169 - 0 
50 0 3 - 0 119 - 2 
59 0 2 - 0 90 - 0 
83 0 15 - 0 46 - 12 
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the effects of increasing bench spoil volume on the optimal equipment schedule can 

be ascertained. With a low spoil percentage retained_ on the active bench, most 

overburden is transported to the secondary fill site at a low productivity. The average 

values of a21 are consequently very high in relation to the magnitudes of a11 and a31 • 

Due to this difference, overburden removal becomes a probable bottleneck operation. 

If overburden removal is the bottleneck, then the successor operation is idled to 

maintain precedence and to prohibit preemption. The location of the successor op-

eration depends upon the location of p = 2. If it is located in an upper lift horizon, 

then p = 1 must be delayed in the lower lift horizon to maintain lift precedence, as 

given in Constraint (5). Consequently, the value of l!f should be rather large. If p = 

2 is situated in the lowest lift horizon, then the successor operation is p = 3, which 

must be idled. In this case, I~ must be rather large. Because the values of a21 are 

very high in comparison to all other processing times, the value of I~ must be high. 

At a low percent bench spoil, the relative magnitudes of all other idle time parame-

ters cannot be accurately judged without prior knowledge of the processing times. 

As the bench spoil volume increases, the average values of a21 decrease, thus elimi-

nating the previous bottleneck operation. In this event, the magnitudes of l!f, I~. and 

I~ will decrease. For higher bench spoil volumes, the magnitudes of a21 may become 

less than all other processing times. Under these conditions, the first operation may 

become the bottleneck, thus idling p = 2. If this occurs, the value of I~ could pos-

sibly increase. The behaviors of I~ and I~ are difficult to determine, as they are more 

influenced by the absolute magnitudes of the processing times. 

An examination of the overburden distributions reveals a shift towards the higher 

stripping productivities with an increase in bench volume percentage. This results 
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in increasing emphasis being placed upon dozer stripping as the primary means of 

overburden removal. Intuitively, this makes sense, for as the bench volume per-

centage increases, the number of fill cell locations accessible to dozer stripping also 

increases. Therefore, it appears efficient dozer stripping may be a prerequisite for 

maintaining large volumes on the active bench. 

Although most analyses rapidly converged, convergence was difficult for Problem (P) 

with R" = 1.0 and 83 percent of the overburden retained on the bench. After several 

iterations, the estimate values, E1 and E2, began to cycle. -In other words, they did 

not converge, but instead, alternated between two different values. The concept of 

cycling among z" and y" is given in Figure 7.9. This shows that a particular value of 

z" yields a corresponding value of y" for Problem (L). The processing times, a21 , yield 

another schedule and z'", which, in turn, produces another value of (L), as given by 

y'". This process continues until y'" is produced. At this point, however, the same 

value of Problem (M), z'", is again produced, which begins the cycling process. 

To force convergence to an optimal solution, it was necessary to perturb Problem (P) 

so that the cycle might be broken. Because a similar problem had converged easily 

with R" = 5.0, this suggested that a possible approach might involve perturbing the 

components of the makespan solution, z". In comparing the solution processes for 

R" = 1.0 and R" = 5.0, it is evident that the only difference exists in the decision to 

select either an upper or lower lift. As described in Chapter 5, a high critical volume 

ratio places the highest priority on creating spoil room by extracting only the lowest 

lift horizon. With a low value of R", there is equal priority given to extracting all lifts, 

which consequently expands the search tree. When solving this particular problem 

with R" = 1.0, there exist many different paths to the optimal solution, some of which 
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Figure 7.9 Concept of Cycling Among Optimal Values of z and y 
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can possibly lead to the cycle. Because the problem was solved with R* = 5.0, it was 

necessary to perturb the critical volume ratio at certain points in the solution process. 

This would constrain the search space and hopefully reduce the chances of again 

selecting the path to the cycle. 

The cycling process illustrated here is very similar to the formation of a degenerate 

solution when using the simplex method. A degenerate solution exists wheri one or 

more basic variables is zero, thus producing no improvement in the optimal solution 

between successive simplex tableaus. The main cause of degeneracy is a tie in the 

rule used to select the next basic variable. To remove the degeneracy in a solution, 

an arbitrary choice is usually made regarding the next basic variable to leave the 

basis. In the current problem, an analogous situation exists, in that no improvement 

is seen in the optimal solution. It appears that the main cause of this cycling is, in 

fact, a tie in the rules used to schedule the next available lift. To break this cycle, 

therefore, an arbitrary choice of lift is made by increasing the critical volume ratio. 

This method is applied only when multiple lift choices are present in the solution 

process. This adjustment was implemented in the model and consequently provided 

the optimal solution. 

7.6.2 Sub-Division of the Overburden 

As previously stated, this case study was initially analyzed using a time period equal 

to 5 shifts or 40 hours. This figure was chosen as the best balance between model 

size and accuracy. In the course of actual mine planning, however, the need exists 

for greater accuracy and ~onfidence than that gained with a time period of 40 hours. 

To handle the increased model size with the available software, it was necessary to 

sub-divide or partition the total overburden volume into a series of smaller, more 
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manageable volume subsets, each of which was solved using Algorithm (A1). The 

final solution is then constructed by combining the solutions from all sub-problems. 

Despite the advantage of handling larger problems, the major disadvantage of this 

technique concerns the optimality of the final solution. When solving the master 

problem, there is no question that all feasible additions to the partial solution have 

been examined. The optimality of the master solution is, therefore, seldom in doubt. 

When sub-dividing the overburden, however, global optimality cannot be insured, in 

that, only certain variables in the subset are ever examined to enter the partial sol-

ution. In this event, only local optimality can be achieved. 

If, with prior knowledge of the global solution, truly independent sub-problems are 

created, in that, the solution of one problem has no bearing upon any of the suc-

ceeding problems, then the concern of optimality is minimized. However, in practice, 

this rarely occurs and, as will be described later, certain modifications can be made 

to each sub-problem to lessen the effects of local optimality. 

Depending upon the interaction between two or more problem sets, the effects of a 

specific problem, (P;). with optimal solution, (X;, V;). on any succeeding problem, 

(Pi), with optimal solution (Xi , Vi), are manifested in two ways. The first involves an 

adjustment of the earliest starting time, epl• for all combinations of p and I in Problem 

(Pi). This adjustment is made to accurately mesh the starting times of problem (Pi) 

with the ending times of Problem (Pi), to maintain continuity in the reconstructed 

equipment schedule. Figure 7.10 illustrates this concept as the earliest starting times 

of all three operations for the first lift, k, in Problem (Pi) must be determined with 

knowledge of the completion times of all three operations for the final lift, h, in Prob-
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lem (P1). Modification of the values of ep1 occurs for all sub-problems, except, of 

course, the initial set. 

A second means of increasing continuity between the partitions is to adjust fill cell 

availability. As is often the case, the optimal solution of Problem (Pi) requires some 

overburden transport between this problem and its predecessor, (P1). In this event, 

the effects of partitioning the overburden is minimized by creating fill sites in the 

Problem (P1) to be used in the overburden removal process of Problem (Pi). When 

creating these fill sites, it is also necessary to provide availability times for each lo-

cation. As stated before, these times insure that no spoil is placed in a site until its 

coal is loaded. 

The case study illustrated in Figure 7.4 and Table 7.1 was more accurately analyzed 

by partitioning the overburden into several distinct subsets. By examining Tables 7.3, 

7.4, and 7.5, the larger example was effectively split into three parts. The first subset 

included lift numbers 1 through 12, inclusive, and was selected for two reasons. The 

first was its location on the western half of the mining permit, which possibly reduced 

the bookkeeping effort. The second reason was that no overburden material was 

hauled outside of this subset, with the exception of the secondary fill site, as shown 

in Table 7.5. The second subset was constructed of lift numbers 13 through 28, in-

clusive. Again, it was a manageable size for a time period of 8 hours and most im-

portantly, no overburden was hauled outside of this group of lifts. The third and final 

subset was constructed of the remaining lifts, numbers 28 to 43. Because Table 7.5 

indicates that material is hauled from this subset to the others, it is necessary to 

create the required fill cell volumes outside this subset. The input files constructed 

for these three subsets are given in Appendix G. 
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Using this input data, the optimization was conducted for critical ratios of 1.0 and 5.0. 

The values of z+ and y* for each subset analysis are given below. In this table, each 

value of z* is the makespan value required to extract all lifts up to and including the 

ones in the subset. For example, with R+ = 1.0 in the second subset, 210 time peri-

ods are required to extract lifts 1 through 28, inclusive. The value of y+, however, is 

the optimal transport time for each subset, only. Thus, the total transport time re-

quired to haul· overburden in the first two subsets is 149.98 + 245.31 = 395.29. In this 

manner, the optimal values for Problems (M) and (l) with R+ = 1.0 are 263 and 629.05, 

respectively. For a critical ratio of 5.0, the values are 271 and 648.51, respectively. 

R* subset + * z y 
1.0 1 125 149.98 

2 210 245.31 
3 263 233.76 

5.0 1 139 169.44 
2 226 245.31 
3 271 233.76 

The magnitudes of these values are based on an 8 hour time period, versus a 40 hour 

period which has been used in all previous examples. The data shown above can 

be converted to a 40 hour basis by dividing by the ratio of the two time periods, or 

5.0. This comparison, howe.ver, is not very accurate for converting the value of z*, in 

that most ·of the processing times are not simple multiples of 5, due to rounding of 

fractional values. For Problem (l), the analysis is accurate because fractional values 

are used in computing the value of y*. Dividing the sum of the y* by the ratio of the 
-

time periods gives 125.8, which is close to the initial result of 135.3. Because this is 

a better solution, it is apparent that a certain measure of flexibility is introduced by 

reducing the time period to 8 hours. The same statement can be made for a critical 
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ratio of 5.0, where the value of y* in the partitioned example is 64~·51 = 129.7. 

Again, this is better than the original value of 135.77. 

The optimal equipment schedules determined for each subset are shown in in Tables 

7.9 and 7.10 for production units 1 and 2, respectively. Comparing Tables 7.3 and 7.9 

for unit 2 illustrates that the order of lift extraction is very similar in both examples. 

This suggests that the initial analysis is fairly accurate, despite the length of the time 

period. Although the discrepancies between the idle time parameters are rather 

large, this can be deceiving, given the five-fold difference in time period. Dividing by 

the ratio of the two time periods shows that the magnitudes are, in fact, fairly similar. 

Similar statements can be made for the equipment schedule pertaining to unit num-

ber 1, by comparing the information in Tables 7.4 and 7.10. Again, the schedules are 

very similar and the idle time values possess the same magnitude. Finally, compar-

ison of the optimal overburden assignments indicate a more effective distribution of 

the volume, as the value of y" is less in the partitioned example. More importantly, 

50% of the overburden removed is attributed to the more productive dozer system, 

as compared to 46%, previously. 

The corresponding output for a critical volume ratio = 5.0 is given in Appendix H. 

Comparison of this output with that given in Appendix E shows good agreement be-

tween the schedule developed for the initial case study and that developed from the 

partitioned data. There is also similarity between the optimal overburden destina-

tions for both examples with a critical volume ratio of 5.0. 

In comparing the results of the partitioned problem for R" = 1.0 and 5.0, it is evident 

that the lower rati'o yields the most optimal answer. This agrees with the statement 

made earlier, in that, the lower ratio provides a more detailed tree search to deter-
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Table 7.9 

I t11 
1 1 
2 12 
3 17 
4 22 
6 37 
8 45 
10 60 
12 84 
13 103 
14 110 
16 119 
18 135 
20 154 
22 171 
24 183 
26 210 
28 225 
30 247 
32 267 
34 284 
36 299 
38 326 
40 348 
41 371 
42 376 
43 382 

Optimal Equipment Schedule for Production Unit 2 With Partitioned 
Overburden and R* = 1.0 

a11 t21 a21 t31 a31 1r1 1~1 1~1 I~ 1 1;1 1~1 
2 12 16 28 8 - - - - 0 0 
5 28 7 36 4 .o 0 0 0 11 1 
5 35 7 42 5 0 0 2 0 13 0 
15 42 22 64 8 0 0 17 0 5 0 
8 64 9 73 4 0 0 1 0 9 0 
8 73 3 77 4 0 0 0 0 20 1 
18 81 13 94 8 7 5 13 0 3 0 
19 103 14 117 8 6 9 15 0 0 0 
7 117 13 130 3 0 0 5 0 7 0 
9 130 11 141 4 0 0 8 0 11 0 
16 141 27 168 6 0 0 23 0 6 0 
19 168 26 194 7 0 0 20 0 14 0 
17 194 16 210 8 0 0 9 0 23 0 
12 210 7 218 5 0 0 0 0 27 1 
14 217 28 245 6 0 0 22 0 20 0 
14 245 9 254 6 13 0 3 0 21 0 
6 254 2 260 4 1 0 0 0 23 4 
12 259 24 283 5 16 3 19 0 0 0 
17 284 15 299 7 8 1 11 0 0 0 
15 299 19 318 7 0 0 12 0 0 0 
18 318 12 330 7 0 0 5 0 0 0 
22 348 23 371 8 9 18 34 0 0 0 
23 371 18 389 8 0 0 10 0 0 0 
5 389 3 397 4 0 0 0 0 13 5 
6 392 4 401 4 0 0 0 0 10 5 
6 396 4 405 4 0 0 0 0 8 5 

60 36 229 0 244 22 
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Table 7.10 Optimal Equipment Schedule for Production Unit 1 With Partitioned 
Overburden and R* = 1.0 

I t11 a11 t21 a21 t31 a31 1r1 1~1 1~1 1~1 1~1 1~1 
5 1 8 9 ·11 - - - - - 0 0 -
7 9 8 20 11 - - 0 0 - 0 3 -
9 19 15 34 25 - - 2 3 - 0 0 -
11 34 21 72 12 - - 0 13 - 0 17 -
15 55 10 84 13 - - 0 0 - 0 19 -
17 65 12 97 17 - - 0 0 - 0 20 -
19 77 17 114 23 - - 0 0 - 0 20 -
21 94 8 137 12 - - 0 0 - 0 35 -
23 102 18 149 28 - - 0 0 - 0 29 -
25 120 18 201 9 - - 0 24 - 0 63 -
27 138 9 223 2 - - 0 13 - 0 76 -
29 147 15 225 22 - - 0 0 - 0 63 -
31 162 20 247 20 - - 0 0 - 0 65 -
33 182 20 267 11 - - 0 0 - 0 65 -
35 202 13 278 21 - - 0 0 - 0 63 -
37 215 16 299 27 - - 0 0 - 0 68 -
39 231 16 326 9 - - 0 0 - 0 79 -

2 53 - 0 685 -
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Table 7.11 Optimal Overburden Distribution For Partitioned Problem and R* = 1.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 28 44 51337 
2 44 40500 29 44 90000 
3 44 45600 30 44 99000 
4 44 126000 31 2 15795 
5 44 53200 31 3 2445 
6 1 49585 31 11 57981 
6 2 8505 31 12 20413 
6 44 10310 31 20 33991 
7 44 53200 32 3 15795 
8 4 68400 32 11 21819 
9 44 95000 32 20 15855 
10 1 8330 32 24 89031 
10 4 19800 33 20 18692 
10 6 61560 33 26 65730 
10 8 61560 33 28 46203 
11 44 133000 34 10 21175 
12 9 54150 34 12 60829 
12 10 108900 34 18 25320 
12 44 190 34 26 23301 
13 44 65000 35 44 80750 
14 44 79200 36 29 39600 
15 44 63840 36 30 79200 
16 44 134520 36 31 33200 
17 44 77700 37 44 99750 
18 13 26000 38 12 60777 
18 14 34848 38 33 18099 
18 44 94552 38 36 98800 
19 44 101010 38 44 7574 
20 16 104926 39 33 21424 
20 44 31574 39 34 78326 
21 44 51480 40 - 31 26887 
22 18 99000 40 32 119700 
23 44 115625 40 33 20564 
24 44 115625 40 34 20949 
25 44 115625 41 38 42625 
26 20 67962 42 38 48000 
26 22 47663 43 38 39050 
27 22 . 51337 43 44 8950 
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mine the next basic variable and therefore, can be expected to provide a better sol-

ution. Although the initial example was somewhat insensitive to the change in R*, it 

appears that the reduced time period is sufficient to increase its sensitivity. 
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CHAPTER 8 

Conclusions and Recommendations 

The recent slump in the price of coal, coupled with increasing competition in the 

market-place, has forced many companies to examine new methods for optimizing 

the performance of their mining operations. Despite this trend, very little emphasis 

has been placed on the development of optimization techniques applicable to the 

surface coal industry. The methods which are currently available are inadequate 

because they recognize neither the complex equipment interactions present in a 

surface mining operation nor the interdependence of overburden removal and spoil 

placement. 

The lack of available techniques prompted the development of a mixed integer model 

which is capable of optimizing the scheduling of equipment and the distribution of 

overburden in a typical mountaintop removal mining operation. The structure of the 

model permitted its decomposition into a (0-1) integer model to optimize the equip-

ment schedule and a transportation model to optimize the distribution of overburden 

on the mining site. 
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The performance of the mixed integer model was analyzed by using production data 

from a single seam, mountaintop removal operation located in the Appalachian 

coalfield. Because the size of the case study was too large to efficiently handle, the 

decision was made to reduce its size by combining lifts in both the horizontal and 

vertical directions. Although the number of lifts was significantly reduced, it was 

necessary to utilize a larger time period of 40 hours for the initial analysis. 

The preliminary analysis of the case study yielded an optimal equipment schedule 

and the optimal overburden distribution for that mining plan. From the optimal 

schedule, the idle time associated with each equipment type and each working face 

or lift was calculated, indicating a possible bottleneck at overburden removal. The 

overburden assignments were also analyzed by analyzing the distribution of volume 

with load-haul or dozer productivity. From this information, it was apparent that 

roughly 56% of the overburden volume was moved by the low productivity load-haul 

system, with the remaining volume moved by the high productivity dozing system. 

The difference in these two values was sufficient to shift the volume distribution to-

wards the lower stripping productivities. 

Subsequent analyses dealt with the effects on the optimal value of the mixed integer 

problem (P) by varying selected modei parameters and the mode~ structure. The first 

model parameter investigated concerned the ·initial magnitudes of the processing 

times, a21 , selected for Step 0 of Algorithm (A1). The results indicated that the optimal 

solution to (P), that is the optimal values of Problems (M) and (L), was relatively un-

affected by the initial values. This suggested that future investigations need not be 

concerned with the starting point of the optimization procedure. The second model 

parameter dealt with the the critical volume ratio, R... Although an increase in its 
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magnitude did produce a less optimal value of Problem (P), the makespan, z, was 

unaffected. Hence, the difference was entirely attributable to the change in optimal 

y, which was fairly insignificant. The diminished effects of R* on the optimal values 
.. 

of (M) and (L) have been attributed to the size of the time period, which makes the 

model insensitive to changes in these parameters. 

The final parameter considered the search size required to select a candidate vari-

able to enter the solution basis. The various modifications included a full search, 

truncated search, and a first-variable search. Of these three methods, the first was 

most exhaustive because all candidate variables were eventually considered. The 

disadvantage of this approach, however, was that it was also the most time consum-

ing. The truncated search was very effective, in that, only a pre-specified number of 

variables was ever considered. Its major disadvantage lay in selecting the specified 

number, which was found only by previous experience with the model. For purposes 

of this study, a search of 100 variables was considered sufficient in all cases. The 

final method was used as a means of providing an initial feasible solution very 

quickly. Although the solution could be found quickly, there was no assurance that 

the most optimal variable was ever selected. 

The problem structure was first changed by varying the percent overburden retained 

on the bench. The results indicated that an increase in this percentage led to a de-

crease in the optimal values of Problems (M) and (L), and hence the value of Problem 

(P). This trend was the result of a decrease in processing times, a21 , and an increase 

in idle time for the second operation. From the decreasing values of these problems, 

it was evident that the decrease in processing times was overcoming the increase in 

idle time. 
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Analysis of the optimal schedules revealed that the bottleneck operation changed 

from overburden removal to drilling and blasting, as the percent bench spoil volume 

increased. Further, the amount of idle time, l5 P, also increased with this percentage. 

Analysis of the optimal overburden distribution indicated that the percent of the 

overburden volume removed by the dozing system increased as the percent bench 

spoil increased. This resulted in a shift in the distributions toward the higher strip-

ping productivities, and consequently a more optimal value of y. 

When solving one problem with approximately 83% of the spoil retained on the 

bench, the solution refused to converge to an optimum with R* = 1.0. This behavior 

was likened to degeneracy in the simplex method, which results from a tie in the rule 

used to select the next variable to leave the basis. Because the cure for degeneracy 

is to arbitrarily select a variable to leave the basis, a ~imilar method was used to 

break this cycling. When a tie arose in the rule to schedule a lift, the critical volume 

ratio was increased to 5.0, thus eliminating a multiple choice of lifts. Such action did 

eventually break the cycle, thus permitting convergence to an optimal solution. 

As a means of increasing the accuracy available in the model, the larger mountaintop 

removal operation was divided into three independent subsets. Each subset was 

solved separately with allowances made for the earliest scheduling times of each 

operation and for the availability of each fill cell. By sub-dividing the overburden 

volume, the 40 hour time period was reduced to 8 hours while avoiding the maximum 

allowable problem size. Results of this analysis indicated that the decreased time 

period permitted greater variation in the equipment schedule, thus producing a more 

optimal solution for Problems (M) and (L). 
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Based upon the research conducted to date and given the performance of the mixed 

integer model, several recommendations can be made regarding the direction of fu-

ture work. 

• Investigate a heuristic approach for the solution of the mixed integer problem, 

(P). Although the decomposition procedure is effective in solving this model, the 

solution time is long because two problems must be solved. A possible im-

provement would be to solve (P) in its mixed integer format, as opposed to de-

composing the model. 

• If the decomposition is used, more efficient methods for truncating the tree 

search must be developed. Despite the techniques developed in this effort, a 

majority of the time is still spent in analyzing each branch of the enumeration 

tree. 

• To increase the flexibility of the model, the decision variable in Problem (M) could 

reflect the assignment time of a specific machine, p, to a lift location, I, as tp1 as 

opposed to the scheduling of an operation p on lift I at time t. Such a change 

would serve a two-fold purpose. It would reduce the size of matrices from 

three-dimensional to two-dimensional, thus permitting larger problems to be 

solved. Secondly, this format would eliminate the need for production units, as 

any available machine could be assigned within the confines of job and lift pre-

cedence. 

• To provide even more compatibility with actual mining conditions, revise the 

model (P) to include the set-up times, that is, the time necessary for the equip-

ment to travel from one lift to another. Although this time is, admittedly, small for 

front-end-loaders and haul trucks, many overburden drills are track-mounted. 

Their tram or dead-head speeds are much less than wheeled machines. This 
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set-up time would be added to the processing times of each machine, thus 

producing variable processing times for all three operations. 

• Validate the mixed integer model with additional information obtained from a va-

riety of mountaintop removal or contour surface mining operations. Such data 

would need to include equipment capacities and productivities, lift dimensions, 

possible lift sequencing, and the required reclamation plan. 
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{$r+} 
Program MineOpt; 
{ 
{ 

MINE-OPT 
Version 2.0 

{ All rights reserved (c) 

} 
} 
} 
} { 

Const 
Cmdset 
Ynset 
MaxTimeHorizon 
MaxSchedLifts 

Type 
EnuMat 
SmallMat 
Pmatrix 
Xyzmat 
Cmatrix 
Volmat 
Flowmat 

Unitid 
Equip 
Trmat 
Tname 
Indicator 
itempointer 
item 

datablockrec 

Var 
datablockfile 
datablock 
p,l,er,lt 
apos,aneg,sumpos,sumneg, 
bprime,bprptr,bp 
first,object,last,first1, 
ptr,pre 
heaptop 
lcap,lfill,lcycle,ljobeff, 
capacity,spot,dump,tjobeff 
ntrks 
outfile,genfile,optfile, 

profile,tfile 

: set of char= [ '1 ' , '2' , '3' , '4 ' ] ; 
:set of char=[ 'Y', 'y', 'N', 'n' ]; 
:400; 
=45; 

=Array[1 •• 175] of integer; 
=Array[1 •• 175,1 •• 2] of integer; 
=array[1 •• 3,o •• MaxSchedLifts] of integer; 
=array[0 •• 125] of byte; 
=array[0 •• 15,0 •• 5,0 •• 2] of byte; 
=array[O •• MaxSchedLifts] of real; 
=array[1 •• MaxSchedLifts, 

1 •• MaxSchedLifts] of real; 
=arr.ay[0 .• 75] of byte; 
=array[1 •• 5] of real; 
=array[1 •• 5] of byte; 
=string[12]; 
=string [2]; 
="item; 
=record 

sign:string[2]; 
pp,ll:byte; 
tt:integer; 
next:itempointer; 

end; 
=record 

prefix:string[2]; 
job,lift:byte; 
time:integer; 

end; 

:file of datablockrec; 
:datablockrec; 
:smallmat; 

:enumat; 

:itempointer; 
:"integer; 

:equip; 
:trmat; 

:text; 
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jobname,inname,infilename :string[12]; 
id :unitid; 
vlift,len,wid,ht,vcell,dist, 

alpha, beta :volmat; 
er : cmatrix; 
flow : flowmat; 
xc, ye, zc :xyzmat; 
ptime,early,late :pmatrix; 
p2 :array[1 •• MaxSchedLifts] of integer; 
out,result,iter,nblks,ntime, 
imax,jmax,kmax,numofconstr, 
numvar,ln,cc,p1,t,makespan,r, 
num1ftcon,nunits,jj1 ,jj2,ryn, 
i,j,k,maxnumbranch,maxnumvar, 
nlifts :integer; 
sgn :String[2]; 
itern :string[3]; 
E1 ,E2,sum,avewid,aveht,avelen, 
VolRatio,epsilon,liftvolsum, 
lp :Real; 
go,FeasSol,fs :boolean; 
Option,Ch,Chyn,FirstSol :Char; 

{••··································································••} procedure blankline(xdir,ydir,length:integer); 

{type a blank line starting at pos (xdir,ydir) for a len=length} 

var 
y:integer; 

begin 
gotoxy(xdir,ydir); 
for y:=xdir to xdir+length do begin 
write (' '); 

end; {for y} 
end; {proc. blankline} 
{•••································································•••} procedure DrawBox(x,y,right,down,color:integer); 
var 
i:integer; 

begin 
textcolor(color); 
gotoxy(x,y);write(chr(218)); 
for i:=x+1 to x+right-1 do begin 
write ( chr ( 1 96 ) ) ; 

end; {for} 

gotoxy(x+right,y);write(chr(191)); 
for i:=y+1 to y+down-1 do begin 
gotoxy(x+right,i); 
write(chr(179)); 

end; {for} 

{draw a box of any color} 

{draw top horizontal} 

{draw right vertical} 
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gotoxy(x+right,y+down);write(chr(217)); 
for i:=x+right-1 downto x+1 do begin {draw bottom horizontal} 
gotoxy(i,y+down);write(chr(196)); 

end;{for} 

gotoxy(x,y+down);write(chr(192)); 
for i::y+down-1 downto y+1 do begin {draw left vertical} 
gotoxy(x,i);write(chr(179)); 

end;{for} 
end; 

{••··································································••} procedure openfile (name:tname;var ok:integer); 
var 
infile :text; 

begin 
assign(infile,name); 
{$i-} reset(infile) {$i+}; 
ok:=ioresult; {check file availability} 
if ok<>O then begin 

gotoxy(1,24);textcolor(red);writeln(l7'Cannot Find File ',name); 
end; 

end;{proc. openfile} 
{••··································································••} procedure datainput; 
const 

noreply :set of char=['N','n']; 
var 

outfile :text; 
ch :char; 
i,j,k,ntime,imax,jmax,kmax,ntrks,liftno, 
nunits,unitid,coalyn,ndrills,kk :integer; 
len,wid,ht,vcell,lperiod,prod1,prod3, 
thickness,tpaf,empty,loaded,frac,dist, 
capacity,bur,space,loap,lrill,loyole, 
dump,ljobeff ,spot,tjobeff 
unit 

begin 

clrscr;gotoxy(18,8); 
assign(outfile,infilename+'.inp'); 
rewrite(outfile); 
clrscr;gotoxy(1,8); 

:real; 
:array[1 •• 5] of byte; 

write(' OPTIMIZATION PARAMETERS'); 
gotoxy(1,10); 
write(' VALUE OF IMAX: ');readln(imax); 
gotoxy(1,11); 
write(' VALUE OF JMAX: ');readln(jmax); 
gotoxy(1,12); 
write(' VALUE OF KMAX: ');readln(kmax); 
imax:=imax+1; 

247 



gotoxyp,13); 
write(' MAGNITUDE OF EACH TIME PERIOD (IN HOURS): '); 
readln(lperiod); 
gotoxy( 1, 14); 
write('NUMBER OF PROD. UNITS (1 unit= drill+ldr+trks): '); 
readln(nunits); 
for kk:=1 to kmax do begin 
gotoxy(1,14+kk); 
write(' PRODUCTION UNIT NUMBER FOR LIFTS WITH k = ',kk:2,': '); 
read (unit[kk ]) ; 

end; {for kk} 
writeln(outfile,imax:4,jmax:4,kmax:4,lperiod:5:0,nunits:4); 
clrscr; 

i::O; 
gotoxy( 28 ,4); 
write(' DATA FOR PRODUCTION UNIT '); 

repeat 
i:=i+1; 
gotoxy(59,4);~rite(' '); 
gotoxy(59,4);write(i:2); 
gotoxy(28,8); 
write(' PRODUCTIVITY VALUES '); 
gotoxy(1,11); 
write(' NUMBER OF DRILLS PRESENT IN UNIT: '); 
read(ndrills); 
gotoxy( 1, 12); 
write('AVERAGE PRODUCTIVITY FOR MACHINE (DRILL FT/HR): '); 
read (prod 1); 
prod1::ndrills*prod1; {total drill prod.} 
gotoxy( 1, 13); 
write('HOURLY PRODUCTIVITY FOR COAL REMOVAL (TONS/HR): ');read(prod3); 

writeln(outfile,prod1:6:0,prod3:6:0); 
for j:=8 to 13 do begin 

gotoxy(1,j);blankline(1,j,70); 
end;{for j} 

gotoxy( 1 ,8); 
write(' MINE SYSTEM PARAMETERS'); 
gotoxy( 1, 1 O); 
write(' AVERAGE BURDEN USED (FT): ');read(bur); 
gotoxy( 1, 11); 
write(' AVERAGE SPACING USED (FT)s ');read(space); 
gotoxy( 1, 12); 
write(' AVERAGE COAL THICKNESS (FT): '); 
read(thickness); 
gotoxy( 1, 13); 
write(' VALUE OF TONS PER ACRE FOOT (TPAF): ');read(tpaf); 
writeln(outfile,bur:4:0,space:4:0,thickness:5:1,tpaf:7:0); 

for j::8 to 13 do begin 
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gotoxy(1,j);blankline(1,j,70); 
end; {for j} 

gotoxy(1,8); 
write(' LOAD-HAUL PRODUCTION VALUES'); 
gotoxy( 1, 10); 
write ('LOADER CAPACITY (STRUCK CY OR 85% OF RATED CY): '); readln (leap); 
gotoxy(1,11); 
write(' LOADER FILL FACTOR (I.E. 0.85): ');read(lfill); 
gotoxy( 1, 12); 
write(' LOADER CYCLE TIME (MINUTES): ');read(lcycle); 
gotoxy( 1, 13); 
write(' JOB EFFICIENCY OF LOADER (I.E. 0.90): '); 
read (ljobeff); 
writeln(outfile,lcap:6:2,lfill:5:2,lcycle:5:2,ljobeff:5:2); 

gotoxy(1,15); 
write (' RATED TRUCK CAPACITY (LCY): '); 
read(capacity); 
gotoxy( 1, 16); 
write ( ' NUMBER OF TRUCKS AVAILABLE: ') ; read (ntrks) ; 
gotoxy( 1, 17); 
write(' TRUCK SPOT TIME (MINUTES): ');read(spot); 
gotoxy ( 1 , 1 8) ; ' 
write(' TRUCK DUMP TIME (MINUTES): ');read(dump); 
gotoxy( 1, 19); 
write(' JOB EFFICIENCY OF TRUCK(S) (I.E. 0.90): '); 
read (tjobeff); 
writeln(outfile,capacity:5:0,ntrks:5,spot:5:2,dump:5:2,tjobeff:5:2); 

for j::8 to 19 do begin 
gotoxy(1,j);blankline(1,j,70); 

end; {for j} 
until (i=nunits); 

clrscr;gotoxy(1,4); 
write(' 

repeat 
gotoxy(1,8); 
write ( 'I-COORDINATE: ' ) ; 
gotoxy(45,8);read(1); 
gotoxy( 1,9); 
write('Y-COORDINATE:'); 
gotoxy(45,9);read(j),; 
gotoxy( 1, 1 O); 
write( 1 Z-COORDINATE: 1 ); 

gotoxy(45,10);read(k); 
gotoxy( 1 , 11) ; 
write( 1LIFT LENGTH IN FEET:'); 
gotoxy(45,11);read(len); 
gotoxy(1,12); 
write('LIFT WIDTH IN FEET:'); 

LIFT AND FILL CELL DATA'); 
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gotoxy( 45, 12) ;read (wid); 
gotoxy( 1, 13); 
write('LIFT HEIGHT IN FEET:'); 
gotoxy(45,13);read(ht); 
gotoxy(1,14); 
write('LIFT FRACTION FILLED FOR RECL.:'); 
gotoxy(45,14);read(frac); 
gotoxy( 1, 15); 
write('HAUL DISTANCE TO SECONDARY FILL SITE (FT.):'); 
gotoxy(45,15);read(dist); 
gotoxy( 1 , 16); 
write('LIFT ADJACENT TO COAL SEAM? (1:yes,O:no): '); 
gotoxy(45,16);read(coalyn); 
writeln(outfile,i:3,j:3,k:3,len:5:0,wid:5:0,ht:5:0,frac:7:2, 

dist:7:0,unit[k]:4,coalyn:3); 
for i::11 to 16 do begin 
gotoxy(45,i);blankline(45,1 ,10); 

end; 
gotoxy(20,18);write('Enter More Data? (Y/N) ');buflen:=1; 
read (ch); 

until ch in noreply; 
close(outfile); 
end; {of proc. datainput} 
{----------------------------------------------------------------------} procedure process; 

var 
infile,profile :text; 
time :array[1 •• 3] of integer; 
flag 
len,wid,ht,frac,dist 
cyn,id 
j,k,i,imax,jmax,kmax,ntrks,num, 

:array[1 •• 20,1 •• 5,1 •• 3] of boolean; 
:array[O •• MaxSchedLifts] of real; 
:array[O •• MaxSchedLifts] of byte; 

result,p,nunits,ryn,max :integer; 
capacity,lcap,lfill,lcycle,ljobeff, 
spot,tjobeff ,vcell,vlift,lperiod, 
dump,liftvolsum,cellvolsum 
prod1,prod3,bur,space,thickness, 

:real; 

tpaf 
ntime 

:array[0 •• 5] of real;{5 prod. units} 
:array[0 •• 5] of integer; 

begin 
assign(infile,infilename+'.inp');reset(infile); 
assign(profile,infilename+'.pro');rewrite(profile); 
readln(infile,imax,jmax,kmax,lperiod,nunits); 
writeln(profile,imax:4,jmax:4,kmax:4,lperiod:5:0,nunits:4); 
i::O; 
repeat 

i::i+1; 
ntime[i]::O; {zero time counter} 
readln(infile,prod1[i],prod3[i]); 
readln(infile,bur[i],space[i],thickness[i],tpaf[i]); 
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prod1[i]:=prod1[i]*lperiod; 
prod3[i]:=prod3[i]*lperiod; 

readln(infile,lcap,lfill,lcycle,ljobeff); 
readln(infile,capacity,ntrks,spot,dump,tjobeff); 

writeln(profile,lcap:6:2,lfill:5:2,lcycle:5:2,ljobeff:5:2); 
writeln(profile,capacity:5:0,ntrks:5,spot:5:2,dump:5:2,tjobeff:5:2); 

until (i=nunits); 

liftvolsum::O;cellvolsum:=O; 
for i:=1 to imax do begin 
for j:=1 to jmax do begin 
for k:=1 to kmax do begin 

flag[i,j,k]::false; {zeroing flags} 
end; {for k} 

end; {for j} 
end; {for i} 

num: =0; 
repeat 

num:=num+1; 
readln(infile,i,j,k,len[num],wid[num],ht[num],frac[num],dist[num], 
id[num],cyn[num]); 
flag[i,j,k]:=true; 

until eof(infile)=true; 
reset(infile); 

num:=O; 
for i:=1 to imax do begin 
for j:=1 to jmax do begin 
for k:=1 to kmax do begin 
if flag[i,j,k]=true then begin 
num:=num+1; 
vlift:=int(len[num]*wid[num]*ht[num]*1.35/27+0.5); {35% swell} 
if frac[num]<=1 then vcell:=int(frac[num]*vlift+0.5) 

else vcell:=frac[num]; 
if len[num]<>O then ryn:=1 else ryn:=2; 
liftvolsum:=liftvolsum+vlift; 
cellvolsum:=cellvolsum+vcell; 
time[1]:=round(trunc(wid[num]/bur[id[num]])* 

trunc(len[num]/space[id[num]])*ht[num]*1.15/prod1[id[num]]); 
if len[num]=O then time[1]:=0; 
if len[num]<>O then time[2]:=1 else time(2]:=0; 
time[3]::round(len[num]*wid[num]/43560.*thickness[id[num]] 

•tpaf[id[num]]/prod3[1d[num]]); 
if (cyn[num]=O) or (len[num]:O) then time[3]::0; 

end 
else begin 
ryn::O;len[num]:=O;wid[num]:=O;ht[num]:=O; 
vcell:=O;vlift::O;dist[num]:=O;id[num]::O; 
for p:=1 to 3 do begin 

time[p]::O; {zero processing times for dummy lifts} 
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end; {for p} 
if (i=imax) and (j:jmax) and (k=kmax) then begin 

vcell:=liftvolsum-cellvolsum; {determine cap. of sec. fill site} 
time[1]:=1; {sec. fill site needs small proc. time for sched.} 
vlift:=1; {dummy value for volume} 
ryn:=1; 

end; {if} 
end; {else} 
writeln(profile,ryn:2,i:3,j:3,k:3,len[num]:4:0,wid[num]:4:0, 

ht[num]:4:0,vcell:9:0,vlift:9:0,dist[num]:6:0,time[1]:5, 
time[2]:5,time[3]:5,id[num]:3); 

ntime[id[num]]:=ntime[id[num]]+time[1]+time[2]+time[3]; 
end; {for k} 

end; {for j} 
end; {for i} 

max:=-2; 
for i:=1 to nunits do begin 

if ntime[i]>max then max:=ntime[i]; 
end; 
writeln(profile,max:4); 
close(infile);close(profile); 
end; {of proc. process} 
{••································································••••} Procedure PreSetVar; {preset 0-1 variables} 

Var 
profile,tfile 
maxlate,max,maxl,min,i,j,k,jj1, 
jj2,ll,lstar,p,l,t,ln,maxlifts 
go,xprec 
lift 
sum1 ,sum2,sum3,lastlift 

begin 

:text; 

:integer; 
:boolean; 
:array[O •• MaxSchedLifts] of byte; 
:array[1 •• 5] of integer; 

assign(tfile,infilename+'.tim');rewrite(tfile); 
maxlate:=-1;late[3,0]::0;ptime[1,0]:=0;ptime[2,0]:=0; 
xc[O]::O;yc[O]::O;zc[O]::O;lift[O]::O; 
for 11:= 1 to nblks-1 do begin 

i: =0; {construct max. extraction set} 
for ln:=1 to nblks do begin 

if (((xc[ln]<=xc[ll]-1) and (yc[ln]<=jmax) and (zc[ln]<=kmax)) 
or ((xc[ln]=xc[ll]) and (yc[ln]<=yc[ll]-1) and (zc[ln]<=kmax)) 
or ((xc[ln]:xc[ll]) and (yc[ln]:yc[ll]) and (zc[ln]<zc[ll])) 
or ((xc[ln]=xc[ll]+1) and (yc[ln]<=yc[ll]-1) and (zc[ln]<=kmax))) 
then begin 

i:=i+1; 
lift[i]:=ln; 

end; 
end; {for ln} 

maxlifts:=i+1; 
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lift[maxlifts]:=ll; {add 11 as last entry in maximal lift sequence} 

for jj2:=1 to 5 do begin 
swn1[jj2]:=0;sum2[jj2]::0;swn3[jj2]:=0;lastlift[jj2]:=lift[1]; 

end; 

swn1[id[1]]::1; {first lift in sequence} 
sum2[id[1]]::swn1[id[1]]+ptime[1,lift[1]]; 
swn3[id[1]]:=swn2[id[1]]+ptime[2,lift[1]]; 

for j:=1 to maxlifts-1 do begin 
l:=lift[j];go:=true; 
if j<=maxlifts-1 then ln:=lift[j+1] else ln:=O; {ln is next lift} 

{checking for a 1-D move--either +y,+z, or (+x,-y)} 

if (((xc[l]=xc[ln]) and (yc[l]+1=yc[ln]) and (zc[l]=zc[ln])) or 
((xc[l]+1=xc[ln]) and (yc[l]-1=yc[ln]) and (zc[l]=zc[ln])) or 
((xc[l]+1=xc[ln]) and (yc[l]=yc[ln]) and (zc[l]=zc[ln])) or 
((xc[l]=xc[ln]) and (yc[l]=yc[ln]) and (zc[l]+1=zc[ln]))) and 
(go=true) then begin 

if (zc[l]<>zc[ln]) and (ptime[3,l]<>O) then begin 
max:=-1; 
for jj2:=1 to 5 do begin 

if swn3[id[jj2]]>max then max:=swn3[id[jj2]]; 
end; 
swn1[id[ln]]:=max+ptime[ 3,lastlift[id[ln]] ]; 

end; 
if (zc[l]<>zc[ln]) and (ptime[3,1]=0) then begin 

max:=-1; 
for jj2:=1 to 5 do begin 
if sum2[id[jj2]]+ptime[2,lastlift[id[ln]]]>max 

then max:=sum2[id[jj2]]+ptime[2,lastlift[id[ln]]]; 
end; 
swn1[id[ln]]:=max; 

end 
else begin 

max:=-1; 
for jj2:=1 to 5 do begin 
if swn1[id[jj2]]+ptime[1,lastlift[id[ln]]]>max 

then max:=swn1[id[jj2]]+ptime[1,lastlift[id[ln]]]; 
end; 
swn1[id[ln]]:=max; 

end; 
if sum1[id[ln]]+ptime[1,ln]>swn2[id[ln]] 

+ptime[2,lastlift[id[ln]]] 
then sum2[id[ln]]:=swn1[id[ln]]+ptime[1,ln] 
else sum2[id[ln]]:=swn2[id[ln]]+ 

ptime[2,lastlift[id[ln]]]; 
if swn2[id[ln]]+ptime[2,ln]>swn3[id[ln]]+ 

ptime[3,lastlift[id[ln]]] 
then swn3[id[ln]]:=sum2[id[ln]]+ptime[2,ln] 
else sum3[id[ln]]:=swn3[id[ln]]+ 
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end;{if} 

ptime[3,lastlift[id[ln]]]; 
go:=false; 
lastlift[id[ln]]:=ln; 

{checking for 2-D or 3-D move} 

if go=true then begin 
if·id[ln]<>id[l] then begin 

sum1[id[ln]]::sum1[id[l]]; 
sum2[id[ln]]::sum1[id[ln]]+ptime[1,ln]; 

end 

if sum2[id[ln]]+ptime[2,ln]>sum3[id[ln]]+ptime[3,ln] 
then sum3[id[ln]]::sum2[id[ln]]+ptime[2,ln] 
else sum3[id(ln]]:=sum3[id[ln]]+ptime[3,ln]; 

else begin 
sum1[id[ln]]::sum1[id[l]]+ptime[1,l]; 
sum2[id[ln]]:=sum1[id[l]]+ptime[1,ln]; 

end; 

if sum2[id[ln]]+ptime[2,ln]>sum3[id[l]]+ptime[3,l] 
then sum3[id[ln]]:=sum2[id[ln]]+ptime[2,ln] 
else sum3[id[ln]]:=sum3[id[l]]+ptime[3,l]; 

go::false; 
lastlift[id[ln]]:=ln; 

end;{if} 
end;{for j} 

late[1,ll]:=sum1[id[ll]];late[2,ll]:=sum2[id[ll]]; 
if ptime[3,11]=0 then late[3,ll]::ntime 

else late[3,ll]::sum3[id[ll]]; 
if (ll<>nblks) and (late[2,ll]>maxlate) then begin 

maxlate:=late[2,ll];maxl:=ll; 
end;{begin} 

end;{for 11} 

late[2,nblks]:=ntime;late[3,nblks]:=ntime; 
late[1,nblks]:=maxlate+ptime[1,maxl]+ptime[2,maxl]+ptime[3,maxl]; 
{----------------------------------------------------------------------} for 1:=1 to nblks-1 do begin 
max:=-1;lstar:=O;xprec:=false; 

{earliest access times} 

for ln:=1 to nblks do begin {calc. min extraction set} 
if (xc[ln]=xc[l]-1) and (yc(ln]=yc[l]) and (zc[ln]=zc(l]) then begin 

xprec:=true;max:=early[1,ln]+ptime[1,ln]; 
end; 
if ( ((xc[ln]:xc[l]) and (yc[ln]=yc[l]) and (zc[ln]=zc[l]-1)) or {-z} 

((xc[ln]=xc(l]) and (yc[ln]=yc[l]-1) and (zc(ln]=zc[l])) or {-y} 
((xc[ln]=xc[l]-2) and (yc(ln]:yc[l]+1) and (zc[ln]=zc[l])) ) 
then begin 
if early[1,ln]+ptime[1,ln]>max 

then max:=early[1,ln]+ptime[1,ln]; 
if (zc[ln]<zc[l]) and (early[2,ln]+ptime[2,ln]>max) 

then max:=early[2,ln]+ptime[2,ln]; 
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lstar:=ln; 
end; {xc} 

end; {for ln} 

if (lstar:O) and (xprec=true) 
then lstar:=cr[xc[l]-1 ,yc[l],zc[l]]; {x precedence} 

if lstar<>O then early[1,l]:=max else early[1,1]:=1; 

if lstar<>O then begin 

end 

if early[1,l]+ptime[1,l]>early[2,lstar]+ptime[2,lstar] 
then early[2,l]::early[1,l]+ptime[1,l] 
else early[2,l]:=early[2,lstar]+ptime[2,lstar]; 
if (early[2,l]+ptime[2,l]<early[3,lstar]+ptime[3,lstar]) and. 

(ptime[3,lstar]<>O) 
then early[3,l]::early[3,lstar]+ptime[3,lstar] 
else early[3,l]::early[2,l]+ptime[2,l]; 

else begin 
early[2,l]::early[1,l]+ptime[1,l]; 
early[3,l]:=early[2,l]+ptime[2,l]; 

end; 
if ptime[3,1]=0 then early[3,l]:=ntime; 

end; {for l} 

early[2,nblks]:=ntime;early[3,nblks]:=ntime; 
early[1,nblks]:=early[3,maxl]+ptime[3,maxl]; 
numvar:=O; 

For 1:=1 to nblks do begin {write times on disk file <>.tim} 
for p:=1 to 3 do begin 
if late[p,l]<early[p,l] then write(lst, 1•• 1 ,p:3,1:3); 
writeln(tfile,p:3,1:3,early[p,1]:5,late[p,l]:5); 
numvar:=numvar+late[p,l]-early[p,1]+1; 

end;{for p} 
end; {for l} 

close (tfile); 
end; {of proc. preset} 

{••··································································••} procedure generate; 
var 
genfile 
t,p,tt,l,ln,i,j,k,pp,liftmark 
go 

:text; 
:integer; 
:boolean; 

begin 
assign(genfile,infilename+'.gen'); 
rewrite(genfile); 
numofconstr:=O; {tally number of constraints generated} 
for 1:=1 to nblks do begin 
go:=true; 
for ln:=1 to nblks do begin 

{z-axis constraints} 
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if ((xc[l]:xc[ln]) and (yc[l]=yc[ln]) and (zc[l]:zc[ln]+1)) or 
((l=nblks) and (ln=nblks-1)) then begin 

write(genfile,' 1 ',1:3,-early[1,1]:6,-late[1,1]:6); 

pp:=2;liftmark:=ln; {sched P=3 on l=nblks-1} 
if l=nblks then begin 

pp:=3; 
liftmark:=nblks-1; 

end; 
if ptime[3,liftmark]<>O then pp:=3; 
writeln(genfile,pp:3,liftmark:3,early[pp,liftmark]:6, 

late[pp,liftmark]:6,-ptime[pp,liftmark]:6); 
numofconstr:=numofconstr+1; 
go:=false; 

end; {if} 

{y axis constraints} 

if (xc[l]=xc[ln]) and (yc[l]:yc[ln]+1) and (zc[l]=zc[ln]) then begin 
writeln(genfile,' 1 ',1:3,-early[1,1]:6,-late[1,1]:6, 
' 1 ',ln:3,early[1,ln]:6,late[1,1n]:6,-ptime[1,ln]:6); 
numofconstr:=numofconstr+1; 
go:=false; 

end; {begin} 

{(-2x,y) constraints} 

if (xc[l]=xc[ln]+2) and (yc[l]=yc[ln]-1) and (zc[l]=zc[ln]) 
then begin 

writeln(genfile,• 1 ',1:3,-early[1 ,1]:6,-late[1,1]:6,' 1 ',ln:3, 
early[1,1n]:6,late[1,ln]:6,-ptime[1,ln]:6); 

numofconstr:=numofconstr+1; 
go:=false; 

end; {begin} 

{x constr.} 

if (xc[l]=xc[ln]+1) and (yc[l]=yc[ln]) and (zc[l]=zc[ln]) 
writeln(genfile,' 1 ',1:3,-early[1,1]:6,-late[1,1]:6,' 

early[1,ln]:6,late[1,ln]:6,-ptime[1,ln]:6); 
numofconstr:=numofconstr+1; 
go:=false; 

end; {begin} 
end; {for ln} 

then begin 
1 ' , ln: 3, 

if go=true then begin {dummy constraint} 
writeln(genfile,' 1 ',1:3,-early[1,1]:6,-late[1,1]:6, 
• o•,• o•,• o•,• o•,• -1•); 
numofconstr:=numofconstr+1; 

end; {begin} 
end; {for l} 
numlftcon:=numofconstr; {use to segment matrix} 
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{job precedence constraints} 

for l:=t to nblks-1 do begin 
for p:=1 to 2 do begin 
if not ((p:2) and (ptime[3,l]:O)) then begin 

writeln(genfile,p:3,1:3,early[p,1]:6,late[p,1]:6,p+1:3, 
1:3,-early[p+1 ,1]:6,-late[p+1 ,1]:6,-ptime[p,1]:6); 

numofconstr:=numofconstr+1; 
end;{if p and ptime} 

end; {for p} 
end; {for l} 
close (genfile); 
end; 
{•••·································································••} Procedure BackUpHeap; {backup heap data} 
type 
variablerec = record 

var 
variablef ile 
variable 

·ind ice: string [ 2] ; 
job,lift:byte; 
time:integer; 

end; 

:file of variablerec; 
:variablerec; 

begin 
assign(variablefile,'scratch.fil');rewrite(variablefile); 
first 1 : =first; 
while (first1<>nil) do begin {backup heap onto disk} 

with variable do begin 
indice:=first1A.sign;job::first1A~pp;lift:=first1A.ll; 
time:=first1A.tt; 
write(variablefile,variable); 

end; {with} 
first1:=first1A.next; 

end;{while first1} 
release(heaptop); 
mark(heaptop);first:=nil; 
seek(variablefile,O); 
while not eof(variablefile) do 
read(variablefile,variable); 
with variable do begin 

new(object); 

{release memory} 
{reset heap pointer} 
{position file ptr to 

begin 

objectA.pp::job;objectA.ll:=lift;objectA.tt:=time; 
objectA.sign:=indice; 

top of file} 

if first=nil then first:=object else lastA.next:=object; 
last:=object;lastA.next:=nil; 

end; {with} 
end; {while} 
close(variablefile);erase(variablefile); 
end; 
{----------------------------------------------------------------------} Overlay Procedure BinaryVarSet; {arrays for sched. var.} 
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Type 
Xmatrix 

Var 
=array[1 •• 3,1 •• MaxSchedLifts,1 .• MaxTimeHorizon] of byte; 

x :Xmatrix; 
i,j,ii :integer; 

{----------------------------------------------------------------------} Procedure SolveBinaryConstraints(ap,al,at:integer;indice:indicator); 

Var 
p,l,t,r,ic 
par,lar,tar 

begin 

:integer; 
:array[1 •• 400] of integer; 

new(object); 
objectA.pp::ap;objectA.ll:=al;objectA.tt:=at;objectA.sign:=indice; 
if first=nil then first:=object else lastA.next:=object; 
last::object;lastA.next:=nil; 
if indice<>' -' then write(lst,indice,ap:3,al:3,at:4); 
if FeasSol=true then begin 
with datablock do begin 
prefix:=indice;job::ap;lift:=al;time:=at; 
write(datablockfile,datablock); 

end; {with} 
end; {if} 

if (memavail)<100 then begin 
blankline(1,23,30);gotoxy(1,23); 

{check memory} 

write('Backing up heap');write(lst,'backup done'); 
BackUpHeap; 

end; {if} 
if indice=' -' then go:=false else go:=true; 

ic::O; 
if go=true then begin {check 0-1 constraints} 

for t:=early[ap,al] to late[ap,al] do begin 
if (t<>at) and (x[ap,al,t]:lOO) then begin 

ic::ic+1;par[ic]::ap;lar[ic]:=al;tar[ic]:=t; 
end; {if} 

end; {for t} 

for l: =1 .to nblks do begin 
if (l<>al) and (id[l]:id[al]) and (at<=late[ap,l]) and 

(at>=early[ap,l]) and (x[ap,l,at]=100) then begin 
ic::ic+1;par[ic]:=ap;lar[ic]:=l;tar[ic]:=at; 

end; 
end; {for l} 

for 1:=1 to nblks do begin 
if early[ap,l]<=at+ptime[ap,al] then begin 

for t:=early[ap,l] to late[ap,l] do begin 
if (l<>al) and (id[l]=id[al]) and (t<at+ptime[ap,al]) 

and (x[ap,l,t]=100) then begin 
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ic:=ic+1;par[ic]::ap;lar[ic]:=l;tar[ic]:=t; 
end; {if} 

end; {for t} 
end; {if} 

end; {for} 

for r:=1 to ic do begin {place variables in heap} 
new( object); 
objectA.pp::par[r];objectA.ll:=lar[r];objectA.tt::tar[r]; 
objectA.sign:=' -';lastA.next:=object;last:=object; 
lastA.next:=nil;x[par[r],lar[r],tar[r]]:=O; 

end; {for r} 
end; {if} 
end;{proc. SolveBinaryConstraints} 
{----------------------------------------------------------------------} Function BranchCheck(t:integer):boolean; 

Var 
tt,11,ln,time 
sumcellvol 

:integer; 
:real; 

{check for sufficient spoil volume} 
{to schedule operation p = 2 } 

Begin 
sumcellvol:=O; 
for 11:=1 to nblks-1 do begin 

tt:=early[3,ll];time::ntime; 
while (tt<=late[3,ll]) and (time=ntime) do begin 

if x[3,ll,tt]=1 then time:=tt; 
tt:=tt+1; 

end; {while} 

if (abs(t)>=time+ptime[3,ll]) and (zc[ll]:kmax) then begin 
for ln:=1 to nblks-1 do begin 

if (xc[ln]:xc[ll]) and (yc[ln]:yc[ll]) then 
sumcellvol:=sumcellvol+vcell[ln]; {update cell vol} 

end; {for ln} 
end; {if} 

end; {for 11} 

{if lift volume > available spoil capacity, BranchCheck = False} 

if liftvolsum>sumcellvol+vcell[nblks] then BranchCheck:=false 
else BranchCheck::true; 

end;{func. BranchCheck} 
{----------------------------------------------------------------------} Procedure UpdateParameters; 

var 
sum,j,t1 ,t2,t,r,j1 :integer; {update constraint matrix} 

begin 
for r:=1 to numofconstr do begin 
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sum::O;sumpos[r]:=O;sumneg[r]::O;aneg[r]:=O;apos[r]:=O; 
if p[r,2]=0 then j1:=1 else j1:=2; 
for j:=1 to j1 do begin 

t1:=er[r,j]; 
t2::lt[r,j]; 

if er[r,j]<O then begin 
t1:=lt[r,j]; 
t2:=er[r,j]; 

end;{begin} 
for t:=t1 to t2 do begin 
if (x[p[r,j],l[r,j],abs(t)]=1) or (x[p[r,j],l[r,j],abs(t)]=O) 
then begin 

if x[p[r,j],l[r,j],abs(t)]=1 then sum::sum+t; 
end {if} 
else begin {free variable found} 

if t<O then begin 
if t<aneg[r] then aneg[r]:=t; 
sumneg[r]::sumneg[r]+t; 

end {begin} 
else begin 

if t>apos[r] then apos[r]:=t; 
sumpos[r]:=sumpos[r]+t; 

end;{begin} 
end;{else begin} 

end;{for t} 
end;{for j} 
bprime[r]:=bprptr[r]-sum; 

end;{for r} 
end; {procedure prenume} 
{----------------------------------------------------------------------} Procedure ZeroOneEnumeration; {implicit enumeration} 

Type 
invMatrix 

Var 

=Array[1 .• MaxSchedLifts] of real; 

Solnfile,genfile :text; 
Flag1,Proceed,Get,go,ttflag,clu, 

rflag,add,sched15 :boolean; 
isw,r,ii,jj,ts,tflag,tsum,tp1,Numfeasol, 
i,j,min,k,tp,tl,tt,sum,sum1,rr,ls, 
kk,tmin,sum2,lftmrk,errno,erradrr, 
pmrk,numoccur,lmark~lll,j1 ,timecheck, 
tt1 ,tt2,check,t,c,rr1 ,rr2,tl1 ,branchnum, 
mininfeas,earlytime,minp,minl,mint :integer; 
upperliftsum,lowerliftsum,ratio :real; 
Liftsum,upsum,lowsum :invMatrix; 
pchck,lchck :array[1 •• MaxSchedLifts] of byte; 
tchck :array[1 .• 300] of integer; 
indice :string[2]; 
mstr :string[3]; 
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timeid 

Label 1,3,6,7,17,50; 

begin 

:array[0 •• 5,1 •• MaxTimeHorizon] 
of byte; 

mark (heaptop); 
assign(genfile,infilename+'.gen');reset(genfile); 
nwnofconstr::O;nwnlftcon:=O;proceed:=true;fs::false; 

i:=O; {access constraint matrix} 
repeat 
i:=i+1; 
readln(genfile,p[i,1],l[i,1],er[i,1],lt[i,1],p[i,2],l[i,2], 

er[i,2],lt[i,2],bprptr[i]); 
nwnofconstr:=nwnofconstr+1; 
if proceed=true then nwnlftcon:=nwnlftcon+1; 
if l[i,1]=nblks then proceed:=false; 

until eof(genfile)=true; 
close (genfile); 

{initialize various parameters} 

Pmrk:=1;Lftmrk:=O;lmark:=O;makespan:=O;first:=nil;liftvolswn:=0; 
lowerliftswn:=O;upperliftswn:=O;NumFeasol::O;BranchNwn::O; 
FeasSol:=false; 
gotoxy(1,23);write('Updating Parameters'); 
UpdateParameters; 
writeln(lst,'nwnofconstr ',nwnofconstr:4,' nwnlftcon ',nwnlftcon:4); 
clrscr; 
DrawBox(13,5,56,4,4); 
gotoxy(15,7);textcolor(cyan); 
write('Nwnber of Branches Fathomed = '); 
gotoxy(45,7);textcolor(lightcyan);write(nwnfeasol:2); 
gotoxy(50,7);textcolor(cyan);write('Best Solution= '); 
gotoxy(66,7);textcolor(lightcyan);write(makespan:3); 

1 :repeat 
isw:=O; 
for r:=1 to nwnofconstr do begin {check for feas. continuation} 

if (swnpos[r]=O) and (aneg[r]>bprime[r]) then begin 
writeln(lst,•••,r:3,swnpos[r]:5,aneg[r]:5,bprime[r]:5); 
goto 3; 

end; {if} 
if p[r,2]=0 then j1:=1 else j1:=2; 

7:for j:=1 to j1 do begin 

tt1::er[r,j];tt2::lt[r,j]; 
if er[r,j]<O then begin 

tt1:=lt[r,j];tt2::er[r,j]; 
end; {begin} 
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for t:=tt1 to tt2 do begin 
if (x[p[r,j],l[r,j],abs(t)]<>100) or (l[r,j]=lmark) then goto 50; 

indice:=' ';lll:=l[r,j]; 
if tt1=tt2 then indice:=' +'; 
if bprime[r]-aneg[r]<t then indice:=' 
if indice=' ' then goto 50; 

' . - ' 

sum:=O; {checking sums on constraints} 
for ls:=1 to nblks do begin 

if (x[p[r,j],ls,abs(t)]<>100) and (id[l[r,j]]:id[ls]) 
then sum:=sum+x[p[r,j],ls,abs(t)]; 

end; {for ls} 

sum1:=0; 
for ts::early[p[r,j],l[r,j]] to late[p[r,j],l[r,j]] do begin 
if (x[p[r,j],l[r,j],ts]<>100) 

then sum1:=sum1+x[p[r,j],l[r,j],ts]; 
end;{for ts} 

if (Sum<>O) or (Sum1<>0) Then Goto 50; 
if (p[r,j]=2) then begin 

if BranchCheck(t)=false then goto 50; 
end; {if} 

ts:=O;isw:=1; 
if indice=' +' then begin 

x[p[r,j],l[r,j],abs(t)]:=1; 
bp[r]:=bprime[r]-t; {recompute bprime for var. set = 1} 
ts:=1; 

end ; {begin} 
if indice=' -' then x[p[r,j],l[r,j],abs(t)]:=O; 

if indice=' -' then ts:=O else ts:=1; 
gotoxy(20,13);textcolor(cyan); 
writeln('Add Variable to Basis: X ( 1 ,p[r,j]:1, ', 1 ,l[r,j]:2,',', 

abs ( t ) : 3 , ' ) = ' , ts : 1 ) ; 
if indice=' +' then begin 

if ((p[r,j]<3) and (ptime[3,l[r,j]]<>O)) or 
((p[r,j]<2) and (ptime[3,l[r,j]]:O)) 

then lftmrk:=l[r,j] else lftmrk:=O; 
if lftmrk<>O then pmrk::pmrk+1 else pmrk:=1; 
if p[r,j]=1 then begin 

if zc[l[r,j]]=kmax 
then lowerliftsum:=lowerliftsum+vlift[l[r,j]] 
else upperliftsum::upperliftsum+vlift[l[r,j]]; 

liftvolsum::liftvolsum+vlift[l[r,j]]; 
end; {if} 

end; {if ind ice} 
SolveBinaryConstraints(p[r,j],l[r,j],abs(t),indice); 
50:~nd; {for t} 

End; {for j} 
6:End; {for r} 
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gotoxy(1,23);write('Updating Parameters'); 
UpDateParameters; 
blankline ( 1,23 ,50); 

until isw=O; 

for i:=1 to MaxSchedLifts do begin 
lchck[i]:=O;pchclc[i]:=O; 

end; {for i} 
blankline(20,11 ,40); 
if upperliftsum=O then ratio:=10 else ratio:=lowerliftsum/upperliftsum; 

{intialize parameters for variable search} 

check:=O;mininfeas:=1000;timecheck:=O;get:=true;tl:=O;clu:=false;tp1:=0; 
tl1:=0;proceed:=true;id[O]:=O;FeasSol:=false; 

for i:=O to 5 do begin 
for j:=1 to MaxTimeHorizon do begin 

timeid[i,j]::O; 
end; {for j} 

end; {for i} 

gotoxy(10,10);textcolor(green); 
write('Number of Variables Examined For Minimum Infeasibility: '); 
i::O; 
repeat 

kk:=O;tsum:=O;i:=i+1;gotoxy(65,10);textcolor(lightblue);write(i:3); 

if get=true then begin {zero timecheck array} 
for c:=1 to 300 do begin 

tchck[c]: =0; 
end; {for c} 

end; {if get} 

if pmrk=1 then begin {partitioning matrix} 
r:=1;rr2:=numl~con; 

end {if pmrk} 
else begin 

r:=numlftcon+1;rr2:=numofconstr; 
end; {else} 

rflag::true; 
while (r<=rr2) and (rflag=true) do begin 
if pmrk=1 then j:=1 else j:=2; {further partitioning} 
t:=er[r,j];tt2::lt[r,j]; 
if er[r,j]<O then begin 

t:=abs(er[r,j]);tt2:=abs(lt[r,j]); 
end ; {begin} 

if abs(t-tt2)>300 then begin 
clrscr;textcolor(red); 
writeln(l7'Insufficient Space for Check Arrays ');Halt; 
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end;{if abs} 

ttflag:=true; {ttflag=T => increment t} 
while (t<=tt2) and (ttflag:true) do begin 

go:=true; 

if kk<>O then begin 
if (p[r,j]<>tp) or (l[r,j]<>tl) then begin 

ttflag::false;go:=false;rflag::false; {next constr} 
end;{if} 
if t<>tt then go:=false; {next time t} 
if (sumpos[r]<>O) and {go=true) then begin 

ttflag::false;go:=false;add:=false;kk:=1;rflag:=false; 
tt:=tflag;tsum:=10000;tp::p[r,j];tl:=l[r,j]; 

end;{if} 
end {if kk} 

else begin {kk=O} 
tflag:=tt2;add::false;c:=1; 
while (go=true) and (c<=check) do begin 

if (p[r,j]:pchck[c]) and (l[r,j]=lchck[c]) then begin 
ttflag:=false;go:=false; {next constr} 

end;{if} 
c:=c+1; 
end;{while} 

if ((l[r,j]<>lftmrk) and (lftmrk<>O)) 
OR 

(p[r,j]<>pmrk) or (l[r,j]=lmark) 
OR 

(((p[r,j]<>tp1) and (tp1<>0)) and 
((l[r,j]<>tl1) and (tl1<>0))) 

then begin 
ttflag::false;go::false; {next constr} 

end;{if} 

ts:=early[p[r,j],l[r,j]]; 
while (go=true) and (ts<=late[p[r,j],l[r,j]]) do begin 
if (x[p[r,j],l[r,j],ts]=1) or (sumpos[r]<>O) then begin 

ttflag:=false;go::false;kk::1;rflag:=false; 
tsum:=10000;tp::p[r,j];tl:=l[r,j];tt:=tflag; {next var.} 

end;{if} 
ts:=ts+1; 

end;{while ts} 

c:=1; 
while {go=true) and {c<=timecheck) do begin 
if tchck[c]=t then go:=false; 
c:=c+1; 

end;{while} 

if go=true then begin 
if x[p[r,j],l[r,j],t]<>100 then go:=false; 

{next t} 

{next t} 
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sum::O;sum1:=0;sum2:=0;ls:=1; 
while (go=true) and (ls<=nblks) do begin 

if (x[p[r,j],ls,t]<>100) and (id[l[r,j]]=id[ls]) 
then sum:=sum+x[p[r,j],ls,t]; 

if sum<>O then go::false; 

if t-ptime[p[r,j],ls]<1 then ts:=1 
else ts:=t-ptime[p[r,j],ls]+1; 

for tt:=ts to t+ptime[p[r,j],l[r,j]]-1 do begin 

{next t} 

if (x[p[r,j],ls,tt]<>100) and (id[l[r,j]]=id[ls]) 
then sum2:=sum2+x[p[r,j],ls,tt]; 

end; {for tt} 
if sum2<>0 then go:=false; {next t} 
ls:=ls+1; 

end; {while} 

if (pmrk=2) and (go=true) then begin 
if Branchcheck(t)=false then go:=false; 

end; {if go} 
{next t} 

if go:false then begin 
rflag:=false;ttflag:=false;kk:=1; 
tp::p[r,j];tl:=l[r,j];tt:=t; 

end; {update tchck} 
end; {if ttflag} 

end; {else} 

if go:true then begin 
if bprime[r]+t<O then tsum:=10000 else tsum:=tsum+bprime[r]+t; 
kk:=kk+1; 
tp::p[r,j];tl:=l[r,j];tt:=t; 
get::false;ttflag:=false;add:=true; 

end; {if go} 
t::t+1; 

end; {for t} 
r:=r+1; 

end; {for r} 

if (tsum<5000) and (add=true) and (pmrk=1) then begin 
timeid[id[tl],tt]:=timeid[id[tl],tt]+1; 

end; {if} 

{evaluate ratio verus critical volume ratio (VolRatio)} 

if (add=true) and (tsum<5000) then begin 
if ((ratio<VolRatio) and (clu=true) and (zc[tl]=kmax) 

and (abs(tsum)<abs(mininfeas))) 
OR 

((ratio<VolRatio) and (clu=false) and (zc[tl]<>kmax) 
and (abs(tsum)<abs(mininfeas))) 

OR 
((ratio<VolRatio) and (clu=false) and (zc[tl]=kmax) and (tsum<5000)) 
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OR 
((ratio>=VolRatio) and (abs(tsum)<abs(mininfeas))) then begin 

mininfeas:=tsum; 
minp::tp;minl:=tl;mint:=tt; 
if (FirstSol='y') or (FirstSol='Y') or (minp<>1) then kk:=O; 
proceed:=false; 
if zc[tl]=kmax then clu:=true; 

end; {begin} 
end; {if add} 

timecheck:=timecheck+1;tchck[timecheck]:=tt; 
if tt=tflag then begin 

check::check+1; 
pchck[check]:=tp;lchck[check]:=tl; 
timecheck:=O; 
get:=true; 
t p 1 : :0 ; t 11 : =0 ; 

end {begin} 
else begin 

tp1::tp;tl1:=tl; 
get:=false; 

end; {else} 
if (i>MaxNumVar) and ((FirstSol='n') or (FirstSol='N')) then kk:=O; 
until kk:O; 

if proceed=true then begin 
blankline(1,23,45);gotoxy(1,23);write('No Feasible 
writeln;writeln(lst,'No Feasible Continuation•); 
goto 3; 

Continuation'); 

end; 
x[minp,minl,mint]:=1; {set variable} 
if minl=nblks then makespan:=mint; 
lmark:=O; 
sum:=timeid[id[minl],mint]; 

{re-initialize backtracking value} 
{determine sign for variable} 

then begin if (ratio>VolRatio) and (minp:1) 
sum:=O;i:=1; 
while i<=5 do begin 

ts:=1;go:=true; 
while (ts<=MaxTimeHorizon) and (go:true) do begin 

if timeid[i,ts]<>O then begin 
go:=false;sum::sum+timeid[i,ts]; 

end; {if} 
ts:=ts+1; 

end; {while} 
i:=i+1; 

end; {while} 
end; {if} 

If (sum>1) and (minp=1) then indice:='++' else indice:=' +'; 
gotoxy(20,13);textcolor(green); 
if indice=' -'then ts:=O else ts:=1; 
writeln('Add Variable to Basis: X ( ' ,minp:1, 1 , 1 ,minl:2,',', 

abs (mint): 3, ' ) = ' , ts: 1) ; 
266 



if indice='++' then begin 
liftsum[minl]:=liftvolsum; {lift sum for backtracking} 
upsum[minl]::upperliftsum;lowsum[minl]:=lowerliftsum; 

end; {if} 

if minp=1 then begin 
write(lst,'ratio=',ratio:6:2,'volratio=',volratio:6:2); 
liftvolsum:=liftvolsum+vlift[minl]; 
if zc[minl]=kmax then lowerliftsum::lowerliftsum+vlift[minl] else 

upperliftsum::upperliftsum+vlift[minl]; 
end; {if} 

SolveBinaryConstraints(minp,minl,mint,indice); 
gotoxy(1,23);textcolor(cyan); 
write('Updating Parameters'); 
UpdateParameters;blankline(1,23,50); 

if ((minp<3) and (ptime[3,minl]<>O)) or 
((minp<2) and (ptime[3,minl]=O)) then lftmrk:=minl else lftmrk:=O; 

if lftmrk<>O then pmrk:=pmrk+1 else pmrk:=1; {Increment job index} 

go:=true;rr:=1;isw:=0; 
while (go=true) and (rr<=numofconstr) do begin 
if bprime[rr]<O then goto 1; 

{check b'} 

rr:=rr+1; 
end; {while} 
blankline(1,23,50);blankline(9,10,65); 

17:gotoxy(1,23);textcolor(cyan); {store solution} 
write( 1••storing Feasible Solution•• 1 ); 

numfeasol:=numfeasol+1; 
assign(solnfile,infilename+'.sol');rewrite(solnfile); 

writeln(lst); 
writeln(lst,'Feasible Solution Number: ',numfeasol:2, 
' Makespan: ',makespan:3,' Solution File: ',infilename+'.sol'); 

first 1 : =first; 
while (first1<>nil) do begin {print feas. soln} 
if (first1A.sign='++') or (first1A.sign=' +')then begin 
writeln(solnfile,first1A.sign:2,first1A.pp:4,first1A.11:4, 

first 1 A • t t : 4) ; 
write(lst,first1A.sign:4,first1A.pp:4,first1A.11:4,first1A.tt:4); 
end; {if} 
first1:=first1A.next; 

end;{while first1} 
close (solnfile); 
gotoxy(1,11);blankline(1,11 ,20); 

3:branchnum:=branchnum+1; 
gotoxy(45,7);textcolor(lightcyan);write(branchnum:2); 
gotoxy(66,7);write(makespan:3); 
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gotoxy(1,23);textcolor(lightgreen); 
if minl<>nblks then begin {backtrack} 

writeln(lst);writeln(lst,'Inteasible Sequence Generated'); 
write('Infeasible Sequence Generated');fs:=false; 

end {if minl} · 
else begin 

writeln('Feasible Sequence Generated'); 
fs:=true; 

end; {else} 
first1::first;ptr:=nil;pre::nil; {find latest branch in tree} 
while (first1<>nil) do begin 

if first1A.sign='++' then ptr:=first1; 
if (first1=first) and (first1A.sign='++') then pre::nil; 
if first1A.nextA.sign='++' then pre::first1; {pre:predecessor of++} 
first1:=first1A.next; 

end; {while} 

if (ptr<>nil) and (Branchnum<MaxNumBranch) then begin 
lmark::ptr".11; 
liftvolsum:=liftsum[lmark]; 
upperliftsum::upsum[lmark];lowerliftsum:=lowsum[lmark]; 
first1:=ptr; {free all variables after++} 
while first1<>nil do begin 

x[first1A.pp,first1".ll,first1".tt]:=100; {free x values} 
if first1".sign <> ' 'then first1::first1A.next; 

End; {while} 
last: :pre; 
x[ptr".pp,ptr".11,ptr".tt]:=O; 
SolveBinaryConstraints(ptr".pp,ptr".11,abs(ptr".tt),' -'); 
Pmrk:=1; {Update job index } 
Lftmrk:=O; {Update lift index } 
if pre=nil then first: =nil; {Update file pointer} 
if fs=true then FeasSol:=true else FeasSol:=false; 

if FeasSol=true then begin {FeasSol=True means new soln} 
if numfeasol>1 then begin 

close(datablockfile); 
erase(datablockfile); {close any existing files} 

end; 
str(makespan,mstr); 
assign(datablockfile,concat('data',mstr,'.dat')); 
blankline(1,23,40);gotoxy(1,23); 
rewrite(datablockfile); 
For kk:=makespan to late[1,nblks] do begin 

x[1,nblks,kk]::O; 
SolveBinaryConstraints(1,nblks,kk,' -'); 

end; {for kk} 
blankline(1,23,45); 

end; {if} 

if (x[1,nblks,makespan+1]:100) and (makespan<>O) then begin 
seek(datablockfile,O); 
while not eof(datablockfile) do begin 

268 



with datablock do begin 
read(datablockfile,datablock); 
x[job,lift,time]::O; 
SolveBinaryConstraints(job,lift,abs(time),prefix); 

end;{with} 
end;{while} 

end;{if x} 

UpdateParameters; 
blankline(1,23,70); 
goto 1; {re-initialize row counter} 

end {if ptr} 
else begin 
gotoxy(1,23);textcolor(cyan); 
write(#7'***Enumeration Complete••••); 

end;{else begin} 
release(heaptop); 
end;{of procedure enumerate} 
{----------------------------------------------------------------------} begin {proc BinaryVarSet} 
clrscr; 
if (nblks>MaxSchedLifts) or (ntime>MaxTimeHorizon) then begin 

clrscr; 
gotoxy(10,6);textcolor(red); 
writeln(l7'Warning---Insufficient Space Allocated for Matrices!!'); 
gotoxy(13,8); 
writeln('Program Terminating---Check Matrix Declarations'); 
halt; 

end {if} 
else begin 

Drawbox(12,5,49,6,13); 
gotoxy(15,6);textcolor(green); 
writeln('Initializing Matrices and Required Parameters'); 
gotoxy(1,24);textcolor(lightcyan);write('working'); 
for i:=1 to 3 do begin 
for j:=1 to MaxSchedLifts do begin 
for ii:=1 to MaxTimeHorizon do begin 
x[i,j,ii]:=100; 

end;{for ii} 
end;{for j} 

end;{for i} 
blankline(1,24,10); 
gotoxy(25,8);textcolor(green); 
writeln('Initialization Completed'); 
gotoxy(20,10); · 
writeln(numvar:5,' Binary Variables Initialized'); 

end;{else} 
ZeroOneEnumeration; 
end;{proc BinaryVarSet} 
{••··································································••} Overlay Procedure Transport; 

var 
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solnfile 
sum,ldrcyc,cap,trkcyc,lprod, 
tprod,min,haultime,loadwait, 
cellsum,liftsum,nobuk,trckwait, 

:text; 

effld,loadtime,efftrk :real; 
i,j,k,c,1,jj1 ,jj2,jj3,pp,t,nunits, 
jbreak,kount,ntime,tminus,tplus, 
counter,nlifts,lc,iteration 
sign 
pt 

:integer; 
:string[2]; 
:array[1 •• 3,1 •• MaxSchedLifts] 

of integer; 
iminus,jminus,iplus,jplus 
p 

:array[1 •• MaxSchedLifts] of integer; 
:array[1 •• MaxSchedLifts, 

ilabel,jlabel,p2,idd 
time 

1 •• MaxSchedLifts] of real; 
:array[1 •• MaxSchedLifts] of integer; 
:array[1 •• 3,1 •• MaxSchedLifts] 

of integer; 
atemp,btemp,vl,leng,widt,heig, 
dst,vlf,vcl 
mark,go 
xcm,ycm,zcm,xcc,ycc,zcc 
crm,crc 

:array[1 •• MaxSchedLifts] of real; 
:boolean; 

begin 

:array[1 •• MaxSchedLifts] of byte; 
:array[1 •• 20,1 •• 5,1 •• 2] of byte; 

clrscr;drawbox(20,4,40,2,4); 
gotoxy(30,5);textcolor(cyan);write('TRANSPORTATION MODULE'); 
for jj1:=1 to nblks do begin 
vl[jj1]:=vlift[jj1]; 
time[3,jj1]:=ntime; 

end; {for jj1} 
vl[nblks]:=O; 

assign(profile,infilename+'.pro');reset(profile); 

readln(profile,imax,jmax,kmax,lp,nunits); 
nblks:=imax•jmax•kmax; 

for i:=1 to 2•nunits do begin 
readln (profile); 

end; 

jj1:=0;jj2:=0;jj3:=0;cellsum:=O;liftsum:=O; 
repeat 
read(profile,ryn);jj2:=jj2+1; 
if (ryn=1) or (ryn=2) then begin 
jj1: :jj1 +1; 
readln(profile,i,j,k,leng[jj1],widt[jj1],heig[jj1],vcl[jj1], 

vlf[jj1],dst[jj1],pt[1,jj1],p2[jj1],pt[3,jj1],idd[jj1]); 
cellsum:=cellsum+vcl[jj1];liftsum:=liftsum+vlf[jj1]; 
xcc[jj1]:=i;ycc[jj1]:=j;zcc[jj1]:=k;crc[i,j,k]:=jj1; 
if ryn=1 then begin {lifts only} 

j j3 : = j j3+1 ; 
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xcm[jj3]:=i;ycm[jj3]:=j;zcm[jj3]:=k;crm[i,j,k]:=jj3; 
end; 

end {if ryn} 
else readln(profile); 

until (jj2=nblks); 
close (profile); 

nlifts:=jj1;nblks::jj3;liftsum:=liftsum-1; 
writeln(lst,cellsum:10:0,liftsum:10:0,nblks:4,nlifts:4); 

for lc:=1 to nblks do begin 
l:=crc[xcm[lc],ycm[lc],zcm[lc]]; {convert lift coordinates} 
pt[2,l]:=ptime[2,lc]; 

end; 

for lc:=1 to nlifts do begin 
vl[lc]:=vlf[lc]; 
if vl[lc]=O then pt[2,lc]::O; 

end; {for le} 

vl[nlifts]:=O; 

assign(solnfile,infilename+'.sol'); 
reset(solnfile); 
blankline(25,13,33); 

for 1:=1 to nlifts do begin 
for pp::1 to 3 do begin 
time[pp,1]:=0; {zero array} 

end; 
end; 

repeat 
readln(solnfile,sign,pp,l,t); 
lc:=crc[xcm[l],ycm[l],zcm[l]]; 
time[pp,lc]:=t; 

until eof(solnfile)=true; 
close(solnfile); 

drawbox(20,12,40,2,4); 
blankline(25,13,33);gotoxy(25,13);textcolor(lightmagenta); 
write('Calculating L/H Productivities'); 
gotoxy(1,23);textcolor(lightgreen+blink);write('working'); 
for 1:=1 to nlifts-1 do begin 
k::idd[l]; 
for c:=1 to nlifts do begin 

if c=nlifts then begin {determine productivities} 
haul time: =dst [l]* ( 1/ 440+1/ 880); 

end {if} 
else begin 
nobuk:=trunc(capacity[k]/(lcap[k]*lfill[k])+0.75); 
cap:=nobuk*lcap[k]*lfill[k]; 
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ldrcyc:=nobuk•lcycle[k]; 
haultime::((ycc[l]+ycc[c])•avelen+(abs(xcc[l]-xcc[c]))•avewid)• 

(1/800+1/1000); 
end;{else} 

{dozer push possible} 

if (abs(xcc[l]-xcc[c])<=1) and (abs(ycc[l]-ycc[c])<=1) then begin 
p[l,c]:=1/(2•1p•23•3600•0.a3•0.75•0.70• 

1.2/(o.5•1eng[1J•(1/4+1/6)+2)); 
end {if} 
else begin 

{loader-truck used} 

if -(ntrks[k]-1)•ldrcyc+(haultime+spot[k]+dump[k])>=O 
then loadwait:=-(ntrks[k]-1)•ldrcyc+(haultime+spot[k]+dump[k]) 

else loadwait::O; 
if -(haultime+spot[k]+dump[k])+(ntrks[k]-1)•ldrcyc>=O 

then trckwait:=-(haultime+spot[k]+dump[k])+(ntrks[k]-1)•1drcyc 
else trckwait:=O; 

trkcyc:=(ldrcyc+haultime+spot[k]+dump[k]+trckwait); 
effld::(ntrks[k]•ldrcyc)/(ntrks[k]•ldrcyc+loadwait); 
lprod:=cap•60•1jobeff[k]•effld/ldrcyc; 
tprod::(60/trkcyc)•ntrks[k]•cap•tjobeff[k]; 
if lprod<tprod then p[l,c]::1/(lprod•lp) else p[l,c]::1/(tprod•lp); 

end;{else} 
end;{for c} 

end;{for l} 

blankline(1,23,20); 
blankline(25,13,33);gotoxy(27,13);textcolor(lightgreen); 
write('Adjusting L/H Productivities'); 

1::1; {adjust prod. for infeasible combinations of 1 and c} 
while l<=nlifts do begin 

if time[3,1]=0 then time[3,l]:=time[2,l]+pt[2,l]; 
c:=1; 
while c<=nlifts do begin 

if l=nlifts then p[l,c]:=1000; 
if ((xcc[l]=xcc[c]) and (ycc[l]=ycc[c])) and (c<>nlifts) 

then p[l,c]:=1000; 
if (zcc[c]=kmax) and (time[2,l]<time[3,c]+pt[3,c]) and (c<>nlifts) 

then p[l,c]:=1000; 
if zcc[c]<>kmax then begin 

j::crc[xcc[c],ycc[c],kmax]; 
if time[2,l]<time[3,j]+pt[3,j] then p[l,c]::1000; 

end;{if zc} 
c:=c+1; 

end;{while c} 
1:=1+1; 

end;{while l} 

272 



iteration:=O; 
blankline(25,13,33);gotoxy(33,13); 
write('Determining DFS'); 

{determine dual feas. soln} 

for c:=1 to nlifts do begin 
alpha[c]:=10e+10; 
btemp[c]:=vcl(c]; 

end; {for c} 
{init. rim parameters} 

for 1:=1 to nlifts do begin 
min::10E+10; 
beta[l]:=10e+1o; 
atemp(l]:=vl[l]; {init. rim parameter} 
for c:=1 to nlifts do begin 
flow[l,c]:=O; {init. fiows} 
if p[l,c]<beta[l] then beta[l]::p[l,c]; 

end; {for c} 
for c:=1 to nlifts do begin 
if p[l,c]-beta[l]<alpha[c] then alpha[c]::p[l,c]-beta[l]; 

end; {for c} 
end; {for l} 

blankline(25,13,33);gotoxy(33,13); 
write('Determining BFS•); 

{determine basic feas. soln.} 

for 1:=1 to nlifts do begin 
for c:=1 to nlifts do begin; 

if p[l,c]-alpha[c]-beta[l]=O then begin 
if atemp[l]<btemp(c] then begin 

flow[l,c]:=atemp[l]; 
btemp[c]::btemp(c]-atemp[l]; 
atemp[l]:=O; 

end {if} 
else begin 

flow[l,c]:=btemp[c]; 
atemp[l]:=atemp[l]-btemp[c]; 
btemp[c]::O; 

end; {if} 
end; {if p} 

end; {while c} 
end; {for l} 
drawbox(17,20,50,2,4);sum:=O; 
gotoxy(18,21);textcolor(green);write('Iteration Number: •); 
gotoxy(36,21);textcolor(lightcyan);write(iteration:2); 
gotoxy(42,21);textcolor(green);write('Best Solution: •); 
gotoxy(57,21);textcolor(lightcyan);write(sum:7:3); 

repeat 
blankline(25,13,33);gotoxy(32,13); 
write('Labeling Tableau•); 
for 1:=1 to nlifts do begin {initialize labels} 

jlabel[l]::O; 
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if atemp[l]<>O then ilabel[l]::1000 else ilabel[l]::O; 
end; {for l} 

jbreak:=O;go:=true; 
while go=true do begin 

repeat 
kount:=O; 
for 1:=1 to nlifts do begin 

for c:=1 to nlifts do begin 

if (ilabel[l]<>O) and (jlabel[c]:O) and 
(p[l,c]-alpha[c]-beta[l]<=1e-10) then begin 

jlabel[c]: =l; 
kount:=kount+1; 
if btemp[c]<>O then jbreak:=c; 

end; {if} 
if (ilabel[l]:O) and (jlabel[c]<>O) and 

(p[l,c]-alpha[c]-beta[l]<=1e-10) and (flow[l,c]>O) then begin 
ilabel[ l]: =c; 
kount:=kount+1; 

end; {if} 

end; {for c} 
end; {for l} 

until kount=O; 
go:=false; 

if jbreak=O then begin {non-breakthrough--update duals} 
go:=true; 
blankline(25,13,33);gotoxy(28,13); 
write('Updating Dual Variables'); 
min:=10e+10; 
for 1:=1 to nlifts do begin 

for c:=1 to nlifts do begin 
if (ilabel[l]<>O) and (jlabel[c]:O) and 
(p[l,c]-alpha[c]-beta[l]<min) then min::p[l,c]-alpha[c]-beta[l]; 

end; {for c} 
end; {for l} 

for 1:=1 to nlifts do begin 
if ilabel[l]<>O then beta[l]:=beta[l]+min; 
if jlabel[l]<>O then alpha[l]:=alpha[l]-min; 

end; {for l} 

blankline(25,13,33);gotoxy(25,13); 
write('Continuing Labeling of Tableau•); 

end ; {if jbreak } 
end; {while} 

blankline(25,13,33);gotoxy(30,13); 
write('Updating Primal Flows•); 
tplus:=O;tminus:=O;min:=10e+10;counter:=O;c:=jbreak; 
repeat 

{update duals} 
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counter:=counter+1; 
if odd(counter)=false then begin 

tminus:=tminus+1; 
{counter is even} 

c: =ilabel[ l]; 
iminus[tminus]:=l; 
jminus[tminus]:=c; 
if flow[l,c]<min then min:=flow[l,c]; 

end {if} 
else begin 

tplus:=tplus+1; {counter is odd} 
l: =jlabel[c]; 
iplus[tplus]:=l; 
jplus[tplus]:=c; 

end; {if} 
until ilabel[l]=1000; 

if atemp[l]<min then min:=atemp[l]; {minimum theta} 
if btemp[jbreak]<min then min:=btemp[jbreak]; 
for i: = 1 to t pl us do begin {update primal flows} 

flow[iplus[i],jplus[i]]:=flow[iplus[i],jplus[i]]+min; 
end; {for i} 
for i:=1 to tminus do begin 

flow[iminus[i],jminus[i]]:=flow[iminus[i],jminus[i]]-min; 
end; {for i} 

mark:=true; 
for 1:=1 to nlifts do begin 

atemp[l]::vl[l];btemp[l]:=vcl[l]; 
end; {for l} 

{optimal solution} 

sum:=O;iteration:=iteration+1; 
for c:=1 to nlifts do begin 
for 1:=1 to nlifts do begin 

atemp[l]:=atemp[l]-flow[l,c]; 
btemp[c]:=btemp[c]-flow[l,c]; 
if (flow[l,c]<>O) and (p[l,c]-beta[l]-alpha[c]>1e-10) then 

writeln(lst,l:3,c:3,p[l,c]:15:11,alpha[c]:15:11,beta[l]:15:11, 
p[l,c]-beta[l]-alpha[c]); 

sum:=sum+flow[l,c]•p[l,c]; 
end; {for l} 
if (btemp[c]<>O) then mark:=false; 

end;{for c} 
writeln(lst,' SOLUTION AT ITERATION' ,iteration:3,' = ', 

sum:10:2); 
gotoxy(36,21);textcolor(lightcyan);write(iteration:2); 
gotoxy(57,21);textcolor(lightcyan);write(sum:7:3); 
if mark=true then begin {optimal soln. found} 

gotoxy(1,23);write(H7'0ptimum Found!!'); 
end {if} 

until mark=true; 

beta [nblks]: =0; 
for 1:=1 to nlifts do begin 
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if vl[l]<>O then begin 
sum::O; 
for c:=1 to nlifts do begin 
sum:=sum+flow[l,c]*p[l,c]; 
if flow[l,c]<>O then 

writeln(lst,1:3,c:3,flow[l,c]:13:0,p[l,c]:13:6,sum:13:2); 
end;{for c} 
lc:=crm[xcc(l],ycc[l],zcc[l]]; 
ptime[2,lc]:=round(sum); 
if ptime[2,lc]=0 then ptime[2,lc]::1; 
writeln(lst,1:3,lc:3,ptime[2,lc]:4); 

end; 
end;{for l} 
end;{proc. Transport} 
{••··································································••} begin {options menu and banner} 
clrscr;drawbox(17,3,40,9,2); 
gotoxy(33,5);textcolor(red); 
write('MINE-OPT'); 
gotoxy(21 ,8);textcolor(cyan); 
write('Optimal Mine Equipment Scheduling'); 
gotoxy(35,9); 
write('And'); 
gotoxy(28,10); 
write('Overburden Transport'); 
gotoxy(24,15);textcolor(lightblue); 
write('Programmed and Developed by'); 
gotoxy(28,17); 
write('Gerrit V.R. Goodman'); 
gotoxy(26,19); 
write('all rights reserved (c)'); 
gotoxy(25,22);textcolor(lightmagenta); 
write('press any key to continue'); 
read(kbd,option); 
repeat 
clrscr;drawbox(23,5,26,2,13); 
gotoxy(25,6);textcolor(red);write('** MAIN OPTIONS MENU** '); 
textcolor(green); 
gotoxy(22,10);write('1. Create Date File'); 
gotoxy(22,12);write('2. Process Data File'); 
gotoxy(22,14);write('3· Solve Mixed Integer Model'); 
gotoxy(22,16);write('4. Return to Operating System'); 
gotoxy(22,18);textcolor(cyan);write('Please Choose Option Number '); 
read(kbd,option);clrscr; 
if option in cmdset then begin 
case option of 

'1 ': begin 
clrscr;gotoxy(22,10);textcolor(cyan); 
write('Enter Job Name For Analysis: '); 
buflen:=12;readln(infilename); 
datainput; 
end; 

'2': begin 
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repeat 
clrscr;drawbox(15,10,49,6,4);gotoxy(29,12);textcolor(green); 
write('Job Processing Module'); 
gotoxy(19,14);textcolor(cyan); 
write('Enter Job Name For Processing: '); 
buflen:=12;readln(infilename); 
inname:=infilename+'.inp';openfile(inname,result); 

until result=O; 
gotoxy(1,23);textcolor(lightmagenta); 
write('Processing data-please wait'); 
process; 
blankline(1,23,30); 
end; 

'3': begin 
drawbox(15,9,51 ,10,4);gotoxy(32,10);textcolor(cyan); 
write('Solution Parameters'); 
repeat 

gotoxy(28,12);textcolor(magenta); 
write('Job Name (12 char. max) : '); 
gotoxy(54,12);textcolor(green); 
buflen:=12;readln(infilename); 
writeln(lst,'Data File: ',infilename); 
inname:=infilename+'.pro'; 
openfile(inname,result); 
if result<>O then begin 

blankline(54,12,12);gotoxy(54,12); 
end;{if} 

until result=O; 
blankline(1,24,40); 
r::O; 

repeat 
gotoxy(17,14);textcolor(magenta); 
write('Is There a Current Solution (Y/N)? : '); 
textcolor(green);gotoxy(54,14);buflen:=1;read(chyn); 
i~ chyn in ynset then begin 

if (chyn='y') or (chyn='Y') then begin {solution exists} 
repeat 

gotoxy(17,14);blankline(17,14,36);blankline(54,14,2); 
gotoxy(23,14);textcolor(magenta); 
write('Solution File (12 char. max) : '); 
textcolor(green);gotoxy(54,14); 
buflen:=12;readln(inname);textcolor(magenta); 
openfile(inname,result); 
wr.iteln(lst,'Previous Solution File: ',inname); 
if result<>O then blankline(54,14,12); 

until result=O; 
blankline(1,24,30); 
jobname:=inname; 
for cc:=1 to pos('.',inname) do begin 

delete(jobname,1,1); 
end;{for cc} 
val(jobname,r,cc); 
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assign(optfile,inname);reset(optfile); 
gotoxy(1,23);textcolor(lightmagenta); 
write('Retrieving previous solution'); 
while not eof(optfile) do begin 

readln(optfile,ln,ptime[2,ln],alpha[ln],beta[ln]); 
end;{while not} 
close(optfile); 
blankline(1,23,60); 

end {if chyn} 
else writeln(lst,'No Previous Solution'); 

end {if chyn} 
else begin 

gotoxy(1,23);textcolor(red); 
write(#7'Enter Y,N,n, or y Only--

read(kbd,option); 
blankline(54,14,2); 
blankline(1,23,60); 

end;{else begin} 
until chyn in ynset; 

Press Any Key to Continue'); 

gotoxy(1,23);textcolor(lightmagenta); 
write('Retrieving Processed Data'); 
assign(profile,infilename+'.pro'); {retrieve parameters} 
reset(profile); 
readln(profile,imax,jmax,kmax,lp,nunits); 
for i:=1 to nunits do begin 

readln(profile,lcap[i],lfill[i],lcycle[i],ljobeff[i]); 
readln(profile,capacity[i],ntrks[i],spot[i],dump[i], 

tjobeff[i]); 
end;{for i} 
nblks:=imax•jmax*kmax; 
jj1::0;jj2::0;avewid::O;aveht::O;avelen:=O; 
repeat 
read(profile,ryn);jj2::jj2+1; 
if ryn:1 then begin 
jj1::jj1+1; 
readln(profile,i,j,k,len[jj1],wid[jj1],ht[jj1],vcell[jj1], 
vlift[jj1],dist[jj1],ptime[1,jj1],p2[jj1],ptime[3,jj1], 

id[jj1]); 
aveht:=aveht+ht[jj1];avelen::avelen+len[jj1]; 
avewid::avewid+wid[jj1]; 
xc[jj1]::i;yc[jj1]::j;zc[jj1]::k;cr[i,j,k]:=jj1; 
if r:O then ptime[2,jj1]::p2[jj1]; 

end 
else readln(profile); 

until (jj2:nblks); 
readln(profile,ntime); 
close(profile); 
go:=true;nblks::jj1; 
aveht:=aveht/nblks;avelen::avelen/nblks;avewid::avewid/nblks; 
blankline(1,23,30); 
repeat 
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r:=r+1; {iteration number} 
if go=true then begin 
repeat 
if (chyn='n') or (chyn='N') then begin 

gotoxy(1,23);textcolor(red); 
write(l7'Warning--

Be sure that access times reflect iteration number'); 
end;{if} 
gotoxy(18,16);textcolor(magenta); 
write('Current Access Times Exist (Y/N)? :'); 
textcolor(green); 
gotoxy(54,16);buflen:=1;read(ch);textcolor(red); 
if not (ch in ynset) then blankline(54,16,2); 

until ch in ynset; 
blankline(1,23,65); 
if (ch='n') or (ch='N') then begin 

gotoxy(1,23);textcolor(lightmagenta); 
write('Calculating access times/generating matrix'); 
writeln(lst,'Access Times Calculated'); 
PreSetVar; 
Generate; 
blankline(1,23,55); 

end {if ch} 
else begin 
gotoxy(1,23);textcolor(lightmagenta); 
write('Retrieving Access Times'); 
writeln(lst,'Access Times Retrieved '); 
numvar::O; 
assign(tfile,infilename+'.tim');reset(tfile); 
repeat 
readln(tfile,p1,ln,early[p1,ln],late[p1,ln]); 
numvar:=numvar+late[p1,ln]-early[p1,ln]+1; 

until eof(tfile)=true; 
close(tfile); 

end;{else} 
go:=false; 
writeln(lst,'Number of Variables: ',numvar:6, 

' Number of Lifts: ',nblks:3); 
gotoxy(33,18);textcolor(magenta); 
write('Iterative accuracy : '); 
gotoxy(54,18);buflen::6;textcolor(green);read(epsilon); 
writeln(lst,'Iterative Accuracy: ',epsilon:4:2); 
clrscr;drawbox(19,8,41 ,8,4);textcolor(cyan); 
gotoxy(30,9);write('Enumeration Parameters'); 
textcolor(magenta); 
gotoxy(28,11);write('Volume ratio, i.e. 1 .5 : •); 
gotoxy(54,11);textcolor(green);buflen:=4;read(Vo1Ratio); 
gotoxy(26,13);textcolor(magenta); 
write('No. of branches fathomed : ');buflen:=3; 
gotoxy(54,13);textcolor(green);read(MaxNumBranch); 
gotoxy(22,15);textcolor(magenta); 
write('Select first variable (y/n)? : ');buflen::1; 
repeat 
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gotoxy(54,15);textcolor(green);read(FirstSol); 
until FirstSol in ynset; 
writeln(lst,'Volume Ratio: 1 ,Vo1Ratio:6:2, 

' Maximum Branches Fathomed: 1 ,MaxNumBranch:3); 
if (FirstSol='y') or (FirstSol='Y') then MaxNumVar:=1 else 
MaxNumVar:=100; 
writeln(lst,•Max. Variables Exam. to Min. Infeas.: •, 

MaxNumVar:4); 
end {if go} 
else begin 

PreSetVar;Generate; 
end; {else} 
BinaryVarSet; 
if r<>1 then begin {determine first.estimate} 

sum:=O;beta[nblks]:=O; 
for ln:=1 to nblks do begin 

sum:=sum+beta[ln]*vlift[ln]+alpha[ln]*vcell[ln]; 
end; {for ln} 
E1:=makespan+sum; 

end {if r} 
else E1:=makespan; 

if makespan<>O then Transport 
else begin 

writeln(lst,•Inteasible integer model--no solution•); 
halt; 

end; 
sum:=O; 
for ln:=1 to nblks do begin 

sum:=sum+beta[ln]*vlift[ln]+alpha[ln]•vcell[ln]; 
end ; {tor ln} 
E2:=makespan+sum; {determine last estimate} 

writeln(lst,•ITERATION NUMBER: •,r:3,' E1: •,e1:12:6,• E2: ' 
,E2:12:6); 

str(r,itern); {convert integer r to string 'itern'} 
if r<10 then itern:= 100 1+itern; 
if (r<100) and (r>9) then itern:='O'+itern; 

inname:=infilename+•.•+itern; 
assign(outfile,inname);rewrite(outfile); 
writeln(lst,•Storing Current Solution on File: ',inname); 
for ln:=1 to nblks do begin 
writeln(outfile,ln:4,ptime[2,ln]:4, 

alpha[ln]:20:11,beta[ln]:20:11); 
end; {for ln} 
close(outfile); 
go:=false; 

until abs(e1-e2)<=epsilon; 

{***Printing optimal values of the MIP model***} 

Assign(optfile,infilename+•.sol');reset(optfile); 
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writeln(lst,'Optimal Scheduling Values For Job ',infilename); 
wri teln (1st ) ; 
writeln(lst,'Job Lift Time'); 

Repeat 
readln(optfile,sgn,p1,ln,t); 
writeln(lst,p1:2,ln:5,t:7); 

until eof(optfile)=true; 
close(optfile); 

writeln(lst);writeln(lst); 
writeln(lst,'Optimal Overburden Transport For Job ' 

infilename); 
writeln(lst); 
writeln(lst,'Lift Cell Yardage(lcy)'); 
for ln:=1 to nblks-1 do begin 

for cc:=1 to nblks do begin 
if flow[ln,cc]<>O then 

writeln(lst,ln:2,cc:7,flow[ln,cc]:11:0); 
end; {for cc} 

end; {for ln} 

end; {begin} 
end; {of case} 

end {if option} 
else begin _ 

gotoxy(16,23);textcolor(red); 
write(#7'Enter Number 1 - 4 Only--Press Any Key to Continue'); 
read (kbd, option); 

end;{else begin} 
until option='4'; 
End. {of MineOpt} 
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APPENDIX C 

Example File Listings 
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Table C.1 Input File Listing 

3 2 2 8 
75 100 

1 5 1 5 4.0 1500 
12.00 0.90 0.50 0.90 

50 2 0.20 0.20 0.90 
1 1 1 100 50 25 0 • 7 5 1 500 1 0 
1 1 2 100 50 35 1 • 00 16 00 1 1 
1 2 1 65 50 25 0.00 1 800 1 0 
1 2 2 65 55 30 0.75 17 50 1 1 
2 1 1 100 60 35 o.65 2200 1 0 
2 1 2 1 25 65 20 1 • 00 2300 1 1 
2 2 1 1 00 50 40 0.50 2300 1 0 
2 2 2 100 50 25 1 . 00 2400 1 1 
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Table C.2 Processed File Listing 

3 2 ·2 8 1 
12.00 0.90 0.50 0.90 

50 2 0.20 0.20 0.90 
1 1 1 1 100 50 25 46 88 6 250 1 500 1 1 0 1 
1 1 1 2 100 50 35 87 50 87 50 1600 1 , 1 1 
1 1 2 1 65 50 25 0 4062 1 800 1 1 0 1 
1 1 2 2 65 55 30 40 22 536 2 17 50 1 1 1 1 
1 2 1 1 100 60 35 6825 10500 2200 2 1 0 1 
1 2 1 2 125 65 20 8125 8125 2300 1 1 1 1 
1 2 2 1 1 00 50 40 5000 10000 2300 1 1 0 1 
1 2 2 2 100 50 25 6250 6 250 2400 1 1 1 1 
0 3. 1 1 0 0 0 0 0 0 0 0 0 0 
0 3 1 2 0 0 0 0 0 0 0 0 0 0 
0 3 2 1 0 0 0 0 0 0 0 0 0 0 
1 3 2 2 0 0 0 1 56 3 9 1 0 1 0 0 0 
21 
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Table C.3 Generated File Listing 

1 1 -1 -1 0 0 0 0 -1 
1 2 -3 -3 2 1 2 2 -1 
1 3 -2 -8 1 1 1 1 -1 
1 4 -4 -9 1 2 3 3 -1 
1 4 -4 -9 2 3 3 9 -1 
1 5 -2 -7 1 1 1 1 -1 
1 6 -5 -10 1 2 3 3 -1 
1 6 -5 -10 2 5 4 9 -1 
1 7 -4 -11 1 3 2 8 -1 
1 7 -4 - 11 1 5 2 7 -2 
1 8 -6 -13 1 4 4 9 -1 
1 8 -6 -13 1 6 5 1 0 -1 
1 8 -6 -13 2 7 5 1 2 -1 
1 9 -9 -17 3 8 8 1 5 -1 
1 1 1 1 2 1 -2 -2 -1 
1 2 3 3 2 2 -4 -4 -1 
2 2 4 4 3 2 -5 -5 -1 
1 3 2 8 2 3 -3 -9 -1 
1 4 4 9 2 4 -5 -10 -1 
2 4 5 1 0 3 4 -6 -1 1 -1 
1 5 2 7 2 5 -4 -9 -2 
1 6 5 1 0 2 6 -6 - 11 -1 
2 6 6 1 1 3 6 -7 -12 -1 
1 7 4 1 1 2 7 -5 -12 -1 
1 8 6 1 3 2 8 -7 -14 -1 
2 8 7 1 4 3 8 -8 -15 -1 
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APPENDIX D 

File Listings for Case Study 
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Table 0.1 Input File for Case Study 

14 3 2 40 2 
75 1 

15 15 o.o 1 
13.00 0.85 0.50 0.90 

50 2 0.50 0.50 0.90 
100 450 
15 15 12.0 1800 

13.00 o.85 0.50 0.90 
50 2 0.50 0.50 0.90 

( 1..) 1 1 2 270 220 30 0 .65 1500 2 1 
( 2 •• ) 2 1 2 180 180 25 0.60 1300 2 1 
( 3 •• ) 3 1 2 200 190 24 0.40 1100 2 1 
( 4 •• ) 4 1 2 280 200 45 0.10 1400 2 1 
( 5 •• ) 5 1 1 160 190 35 0.00 1800 1 0 
( 6 •• ) 5 1 2 160 190 45 0.90 1800 2 1 
( 7 •• ) 5 2 1 160 190 35 0.00 2000 1 o 
( 8 •• ) 5 2 2 160 190 45 0.90 2000 2 1 
( 9 •• ) 6 1 1 250 190 40 0.57 2600 1 0 
( 10.) 6 1 2 250 220 55 0.86 2600 2 1 
( 11 • ) 6 2 1 280 190 50 0.60 2100 1 0 
( 12.) 6 2 2 280 220 53 o .81 2100 2 1 
( 13.) 7 1 2 250 80 65 0.40 1700 2 1 
(14.) 7 2 2 330 80 ·60 0.44 1000 2 1 
( 15.) 8 1 1 240 190 28 o.oo 1800 1 0 
( 16.) 8 1 2 240 190 59 0 .78 1800 2 1 
( 17.) 8 2 1 280 185 30 0.00 2100 1 o 
( 18.) 8 2 2 280 185 60 0 .80 . 2100 2 1 
(19.) 9 1 1 280 195 37 0.00 2100 1 o 
(20.) 9 1 2 280 195 50 1.00 2100 2 1 
( 21 • ) 9 2 1 220 180 26 o.oo 2300 1 o 
( 22.) 9 2 2 220 180 50 1.00 2300 2 1 
(23.) 10 1 1 250 185 50 0 2400 1 0 
(24.) 10 1 2 250 185 50 0 .11 2400 2 1 
(25.) 10 2 1 250 185 . 50 o.oo 2500 1 o 
(26.) 10 2 2 250 185 50 0 .77 2500 2 1 
(27.) 10 3 1 150 185 37 o.oo 2700 1 0 
(28.) 10 3 2 150 185 37 a.go 2700 2 1 
(29.) 11 1 1 200 180 50 0.44 2400 1 0 
(30.) 11 1 2 200 180 55 0.80 2400 2 1 
(31.) 11 2 1 250 190 55 0.46 3000 1 0 
(32.) 11 2 2 250 190 60 0.84 3000 2 1 
(33.) 11 3 1 250 190 55 0.46 3200 1 0 
( 34.) 11 3 2 250 190 55 0.76 3200 2 1 
( 35.) 12 1 1 250 190 34 o.oo 2600 1 0 
(36.) 12 1 2 250 190 64 o.65 2600 2 1 
( 37.) 12 2 1 300 190 35 o.oo 2800 1 0 
(38.) 12 2 2 300 190 65 0.10 2800 2 . 1 
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( 3 9 • ) 12 ·3 1 3 00 1 90 
( 40 • ) 12 3 2 3 00 1 90 
(41.) 13 1 2 250 110 
( 42.) 13 2 2 300 100 
(43.) 13 3 2 300 100 

Table D.1 Continued 

35 0 .00 
66 o.oo 
31 0 .oo 
32 o.oo 
32 o.oo 

3100 
3100 
2800 
3000 
3300 

1 0 
2 1 
2 1 
2 1 
2 1 
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Table 0.2 Processed File for Case Study 

14 3 2 40 2 
13.00 a.as a.so 0.90 

so 2 a.so a.so 0.90 
13.00 a.as a.so 0.90 

so 2 a.so a.so 0.90 
0 1 1 1 0 0 0 0 0 0 0 0 0 0 
1 1 1 2 270 220 30 S791 S a9100 1500 2 1 2 2 
0 1 2 1 0 0 0 0 0 0 0 0 0 0 
0 1 2 2 0 0 0 0 0 0 0 0 0 0 
0 1 3 1 0 0 0 0 0 0 0 0 0 0 
0 1 3 2 0 0 0 0 0 0 0 0 0 0 
0 2 1 1 0 0 0 0 0 0 0 0 0 0 
1 2 1 2 1ao 1ao 2S 24300 40500 1300 1 1 1 2 
0 2 2 1 0 0 0 0 0 0 0 0 0 0 
0 2 2 2 0 0 0 0 0 0 0 0 0 0 
0 2 3 1 0 0 0 0 0 0 0 0 0 0 
0 2 3 2 0 0 0 0 0 0 0 0 0 0 
0 3 1 1 0 0 0 0 0 0 0 0 0 0 
1 3 1 2 200 190 24 1 a24o 4S600 1100 1 1 1 2 
0 3 2 1 0 0 0 0 0 0 0 0 0 0 
0 3 2 2 0 0 0 0 0 0 0 0 0 0 
0 3 3 1 0 0 0 0 0 0 0 0 0 0 
0 3 3 2 0 0 0 0 0 0 0 0 0 0 
0 4 1 1 0 0 0 0 0 0 0 0 0 0 
1 4 1 2 280 200 45 aa200 126000 1400 3 1 2 2 
0 4 2 1 0 0 0 0 0 0 0 0 0 0 
0 4 2 2 0 0 0 0 0 0 0 0 0 0 
0 4 3 1 0 0 0 0 0 0 0 0 0 0 
0 4 3 2 0 0 0 0 0 0 0 0 0 0 
1 s 1 1 160 190 3S 0 53200 1 aoo 2 1 0 1 
1 s 1 2 160 190 4S 61 S60 68400 1 aoo 2 1 1 2 
1 s 2 1 160 190 35 0 53200 2000 2 1 0 1 
1 s 2 2 160 190 4S 61S60 68400 2000 2 1 1 2 
0 s 3 1 0 0 0 0 0 0 0 0 0 0 
0 5 3 2 0 0 0 0 0 0 0 0 0 0 
1 6 1 1 2SO 190 40 541 SO 9SOOO 2600 3 1 0 1 
1 6 1 2 2SO 220 55 130075 151250. 2600 4 1 2 2 
1 6 2 1 280 190 50 79aoo 133000 2100 4 1 0 1 
1 ,6 2 2 280 220 S3 142019 163240 2100 4 1 2 2 
0 6 3 1 0 0 0 0 0 0 0 0 0 0 
0 6 3 2 0 0 0 0 0 0 0 0 0 0 
0 7 1 1 0 0 0 0 0 0 0 0 0 0 
1 7 1 2 250 ao 65 26000 65000 1700 1 1 1 2 
0 7 2 1 0 0 0 0 0 0 0 0 0 0 
1 7 2 2 330 ao 60 34a4a 79200 1000 2 1 1 2 
0 7 3 1 0 0 0 0 0 0 0 0 0 0 
0 7 3 2 0 0 0 0 0 0 0 0 0 0 

289 



Table D.2 Continued 

1 8 1 1 240 190 28 0 63840 1800 2 1 0 1 
1 8 1 2 240 190 59 104926 134520 1800 3 1 1 2 
1 8 2 1 280 185 30 0 77700 2100 2 1 0 1 
1 8 2 2 280 185 60 124320 155400 2100 4 1 1 2 
0 8 3 1 0 0 0 0 0 0 0 0 0 0 
0 8 3 2 0 0 0 0 0 0 0 0 0 0 
1 9 1 1 280 195 37 0 101010 2100 3 1 0 1 
1 9 1 2 280 195 50 136500 136500 2100 3 1 2 2 
1 9 2 1 220 180 26 0 51480 2300 2 1 0 1 
1 9 2 2 220 180 50 99000 99000 2300 2 1 1 2 
0 9 3 1 0 0 0 0 0 0 0 0 0 0 
0 9 3 2 0 0 0 0 0 0 0 0 0 0 
1 10 1 1 250 185 50 0 115625 2400 4 1 0 1 
1 10 1 2 250 185 50 89031 115625 2400 3 1 1 2 
1 10 2 1 250 185 50 0 115625 2500 4 1 0 1 
1 10 2 2 250 185 50 89031 115625 2500 3 1 1 2 
1 10 3 1 150 185 37 0 51337 2700 2 1 0 1 
1 10 3 2 150 185 37 46203 51337 2700 1 1 1 2 
1 11 1 1 200 180 50 39600 90000 2400 3 1 0 1 
1 11 1 2 200 180 55 79200 99000 2400 2 1 1 2 
1 11 2 1 250 190. 55 60087 130625 3000 4 1 0 1 
1 11 2 2 250 190 60 119700 142500 3000 3 1 1 2 
1 11 3 1 250 190 55 60087 130625 3200 4 1 0 1 
1 11 3 2 250 190 55 99275 130625 3200 3 1 1 2 
1 12 1 1 250 190 34 0 80750 2600 3 1 0 1 
1 12 1 2 250 190 64 98800 1 52000 2600 4 1 1 2 
1 12 2 1 300 190 35 0 99750 2800 3 1 0 1 
1 12 2 2 300 190 65 129675 185250 2800 4 1 2 2 
1 12 3 1 300 190 . 35 0 99750 . 3100 3 1 0 1 
1 12 3 2 300 190 66 0 188100 3100 5 1 2 2 
0 13 1 1 0 0 0 0 0 0 0 0 0 0 
1 13 1 2 250 110 31 0 42625 2800 1 1 1 2 
0 13 2 1 0 0 0 0 0 0 0 0 0 0 
1 13 2 2 300 100 32 0 48000 3000 1 1 1 2 
0 13 3 1 0 0 0 0 0 0 0 0 0 0 
1 13 3 2 300 100 32 0 48000 3300 1 1 1 2 
0 14 1 1 0 0 0 0 0 0 0 0 0 0 
0 14 1 2 0 0 0 0 0 0 0 0 0 0 
0 14 2 1 0 0 0 0 0 0 0 0 0 0 
0 14 2 2 0 0 0 0 0 0 0 0 0 0 
0 14 3 1 0 0 0 0 0 0 0 0 0 0 
1 14 3 2 0 0 0 2129212 1 0 1 0 0 0 
124 
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APPENDIX E 

Analysis of Optimal Results for Critical Volume Ratios of 
4.0 and 5.0 
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Table E.1 Optimal Equipment Schedule for Production Unit 2 for R• = 4.0 and 5.0 

I t11 a11 t21 a21 t31 a31 I~, 1~, 1~, 1~, 1~, 1&, 
1 1 2 3 3 6 2 - - - - 0 0 
2 3 1 6 1 8 1 0 0 0 0 2 1 
3 4 1 7 1 9 1 0 0 0 0 2 1 
4 5 3 8 4 12 2 0 0 2 0 0 0 
6 8 2 12 3 15 1 0 0 1 0 2 0 
8 10 2 15 1 16 1 0 0 0 0 3 0 
10 12 4 16 4 20 2 0 0 3 0 0 0 
13 16 1 20 3 23 1 0 0 1 0 3 0 
12 18 4 23 3 26 2 1 0 2 0 1 0 
14 22 2 26 2 28 1 0 0 0 0 2 0 
16 24 3 28 5 33 1 0 0 4 0 1 0 
18 27 4 33 5 38 1 0 0 4 0 2 0 
20 31 3 38 3 41 2 0 0 2 0 4 0 
22 34 2 41 1 43 1 0 0 0 0 5 1 
24 37 3 42 6 48 1 1 0 4 0 2 0 
26 43 3 48 2 50 1 3 0 1 0 2 0 
28 46 1 50 1 51 1 0 0 0 0 3 0 
30 50 2 52 5 57 1 3 1 5 0 0 0 
32 53 3 57 4 61 1 1 0 3 0 1 0 
34 56 3 61 4 65 1 0 0 3 0 2 0 
36 59 4 65 2 67 1 0 0 1 0 2 0 
38 64 4 68 4 72 2 1 1 4 0 0 0 
40 68 5 73 4 77 2 0 1 3 0 0 0 
41 73 1 77 1 79 1 0 0 0 0 3 1 
42 74 1 78 1 80 1 0 0 0 0 3 1 
43 75 1 79 1 81 1 0 0 0 0 3 1 

10 3 43 0 48 6 
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Table E.2 Optimal Equipment Schedule for Production Unit 1 for R .. = 4.0 and 5.0 

I t11 a11 t21 a21 t31 a31 1r1 1~1 1~1 I~ I 1~1 1~, 
5 1 2 3 2 - - - - - 0 0 -
7 3 2 5 2 - - 0 0 - 0 0 -
9 5 3 8 4 - - 0 1 - 0 0 -
11 8 4 12 6 - - 0 0 - 0 0 -
15 12 2 18 3 - - 0 0 - 0 4 -
17 14 2 21 3 - - 0 0 - 0 5 -
19 16 3 24 5 - - 0 0 - 0 5 -
21 19 2 29 2 - - 0 0 - 0 8 -
23 21 4 31 6 - - 0 0 - 0 6 -
25 25 4 37 6 - - 0 0 - 0 8 -
27 29 2 43 3 - - 0 0 - 0 12 -
29 31 3 46 4 - - 0 0 - 0 12 -
31 34 4 50 3 - - 0 0 - 0 12 -
33 38 4 53 2 - - 0 0 - 0 11 -
35 42 3 55 4 - - 0 0 - 0 10 -
37 45 3 59 5 - - 0 0 - 0 11 -
39 48 3 66 2 - - 0 2 - 0 15 -

0 3 - 0 119 -
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Table E.3 Optimal Overburden Distribution for R* = 4.0 and 5.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 

1 44 89100 28 22 51337 
2 44 40500 29 44 90000 
3 44 45600 30 44 99000 
4 44 126000 31 11 23957 
5 44 53200 31 12 17637 
6 44 68400 31 24 89031 
7 44 53200 32 10 31647 
8 4 68400 32 11 37951 
9 1 57915 32 12 72902 
9 44 37085 33 11 16763 
10 2 24300 33 26 72268 
10 3 18240 33 28 41594 
10 4 19800 34 12 51480 
10 6 61560 34 18 25320 
10 44 27350 34 20 32453 
11 44 133000 34 26 16763 
12 8 615600 34 28 4609 
12 9 54150 35 44 80750 
12 10 47530 36 29 39600 
13 44 65000 36 30 79200 
14 44 79200 36 31 33200 
15 44 63840 37 20 19761 
16 44 134520 37 44 79989 
17 44 77700 38 10 50898 
18 13 26000 38 11 1129 
18 14 348480 38 20 16324 
18 44 94552 38 33 18099 
19 44 101010 38 36 98800 
20 16 104926 39 33 21424 
20 44 31574 39 34 78326 
21 44 51480 40 31 26887 
22 18 99000 40 32 11970 
23 44 115625 40 33 20564 
24 44 115625 40 34 20949 
25 44 115625 41 38 42625 
26 . 20 67962 42 38 48000 
26 22 47663 43 38 39050 
27 44 51337 43 44 8950 
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APPENDIX F 

Analysis of Optimal Results For Variable Bench Spoil 
Volume 
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Table F.1 

I t11 

1 1 
2 3 
3 4 
4 5 
6 8 
8 10 
10 13 
12 19 
13 23 
14 24 
16 26 
18 29 
20 33 
22 36 
24 38 
26 44 
28 47 
30 51 
32 59 
34 67 
36 71 
38 76 
40 82 
41 87 
42 88 
43 89 

Optimal Equipment Schedule for Production Unit 2 at 0% Bench Spoil 
and R* = 1.0 and 5.0 

a11 t21 a21 t31 831 1~1 1~1 1~1 I~ I 1~1 1~1 
2 3 3 6 2 - - - - 0 0 
1 6 1 8 1 0 0 0 0 2 1 
1 7 1 9 1 0 0 0 0 2 1 
3 8 4 12 2 0 0 2 0 0 0 
2 12 3 15 1 0 0 1 0 2 0 
2 15 3 18 1 0 0 2 0 3 0 
4 18 8 26 2 1 0 7 0 1 0 
4 26 7 33 2 2 0 5 0 3 0 
1 33 3 36 1 0 0 1 0 9 0 
2 36 2 38 1 0 0 1 0 10 0 
3 38 5 43 1 0 0 4 0 9 0 
4 43 7 50 1 0 0 6 0 10 0 
3 50 6 56 2 0 0 5 0 14 0 
2 56 5 61 1 0 0 3 0 18 0 
3 61 6 67 1 0 0 5 0 20 0 
3 67 6 73 1 3 0 4 0 20 0 
1 73 3 76 1 0 0 2 0 25 0 
2 76 5 81 1 3 0 4 0 23 0 
3 81 8 89 1 5 0 7 0 19 0 
3 89 8 97 1 1 0 7 0 19 0 
4 97 8 105 1 1 0 7 0 22 0 
4 105 10 115 2 2 0 9 0 25 0 
5 115 11 126 2 0 0 9 0 28 0 
1 126 2 128 1 0 0 0 0 38 0 
1 128 1 129 1 0 0 0 0 39 0 
1 129 1 130 1 0 0 0 0 39 0 

18 0 91 0 400 2 

298 



Table F.2 

I t11 
5 1 
7 3 
9 5 
11 8 
15 12 
17 14 
19 16 
21 19 
23 21 
25 25 
27 29 
29 31 
31 34 
33 38 
35 42 
37 45 
39 48 

Optimal Equipment Schedule for Production Unit 1 at 0% Bench Spoil 
and R* = 1.0 and 5.0 

a11 t21 a21 t31 a31 1r1 1~1 1~1 I~ I 1;1 1~1 
2 3 2 - - - - - 0 0 -
2 5 2 - - 0 0 - 0 0 -
3 a 5 - - 0 1 - 0 0 -
4 13 6 - - 0 0 - 0 1 -
2 19 3 - - 0 0 - 0 5 -
2 22 3 - - 0 0 - 0 6 -
3 25 5 - - 0 0 - 0 6 -
2 30 2 - - 0 0 - 0 9 -
4 32 6 - - 0 0 - 0 7 -
4 38 6 - - 0 0 - 0 9 -
2 44 3 - - 0 0 - 0 13 -
3 47 4 - - 0 0 - 0 13 -
4 51 8 - - 0 0 - 0 13 -
4 59 8 - - 0 0 - 0 17 -
3 67 4 - - 0 0 - 0 22 -
3 71 5 - - 0 0 - 0 23 -
3 76 6 - - 0 0 - 0 25 -

0 1 - 0 169 -
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Table F.3 Optimal Overburden Distribution for 0% Bench Spoil and R* = 1.0 and 5.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 23 44 115626 
2 44 40500 24 44 115625 
3 44 45600 25 44 115625 
4 44 126000 26 44 115625 
5 44 53200 27 44 51337 
6 44 68400 28 44 51337 
7 44 53200 29 44 90000 
8 44 68400 30 44 99000 
9 44 95000 31 44 130625 
10 44 151250 32 44 142500 
11 44 133000 33 44 130625 
12 44 163240 34 44 130625 
13 44 65000 35 44 80750 
14 44 79200 36 44 152000 
15 44 63840 37 44 99750 
16 44 134520 38 44 185250 
17 44 77700 39 44 99750 
18 44 15540 40 44 188100 
19 44 10101 41 44 42625 
20 44 13650 42 44 48000 
21 44 51480 43 44 48000 
22 44 99000 
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Table F.4 

I t1 I 
1 1 
2 3 
3 4 
4 5 
6 8 
10 11 
8 15 
13 17 
12 18 
14 22 
16 24 
18 27 
20 31 
24 34 
22 37 
26 40 
28 43 
30 46 
32 50 
34 53 
36 56 
41 60 
38 61 
40 65 
42 70 
43 71 

Optimal Equipment Schedule for Production Unit 2 at 59% Bench Spoil 
and R* = 1.0 

a1, t21 a2, t31 a31 lr1 I~, I~, I~, I~, I~, 
2 3 3 6 2 - - - - 0 0 
1 6 1 8 1 0 0 0 0 2 1 
1 7 1 9 1 0 0 0 0 2 1 
3 8 4 12 2 0 0 2 0 0 0 
2 12 3 15 1 0 0 1 0 2 0 
4 15 4 19 2 1 0 3 0 0 0 
2 19 1 21 1 0 0 0 0 2 1 
1 20 3 23 1 0 0 1 0 2 0 
4 23 3 26 2 0 0 2 0 1 0 
2 26 2 28 1 0 0 0 0 2 0 
3 28 5 33 1 0 0 4 0 1 0 
4 33 5 38 1 0 0 4 0 2 0 
3 38 3 41 2 0 0 2 0 4 0 
3 41 3 44 1 0 0 1 0 4 0 
2 44 1 45 1 0 0 0 0 5 0 
3 45 2 47 1 1 0 1 0 2 0 
1 47 1 48 1 0 0 0 0 3 0 
2 48 5 53 1 0 0 4 0 0 0 
3 53 3 56 1 0 0 2 0 0 0 
3 56 3 59 1 0 0 2 0 0 0 
4 60 2 62 1 0 1 2 0 0 0 
1 62 1 63 1 0 0 0 0 1 0 
4 65 3 68 2 0 2 4 0 0 0 
5 70 4 74 2 0 0 4 0 0 0 
1 74 1 76 1 0 0 0 0 3 1 
1 75 1 77 1 0 0 0 0 3 1 . 

2 3 39 0 41 5 
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Table F.5 

I t11 
5 1 
7 3 
9 5 
11 8 
15 12 
17 14 
19 16 
21 19 
23 21 
25 25 
27 29 
29 31 
31 34 
33 38 
35 42 
37 45 
39 48 

Optimal Equipment Schedule for Production Unit 1 at 59% Bench Spoil 
and R* = 1.0 

a11 t21 a21 t31 a31 1r, 1~, ,~, 1~, 1;, I~, 
2 3 2 - - - - - 0 0 -
2 5 2 - - 0 0 - 0 0 -
3 8 3 - - 0 1 - 0 0 -
4 12 6 - - 0 1 - 0 0 -
2 18 3 - - 0 0 - 0 4 -
2 21 3 - - 0 0 - 0 5 -
3 24 5 - - 0 0 - 0 5 -
2 29 2 - - 0 0 - 0 8 -
4 31 3 - - 0 0 - 0 6 -
4 34 6 - - 0 0 - 0 5 -
2 40 2 - - 0 0 - 0 9 -
3 42 4 - - 0 0 - 0 8 -
4 46 4 - - 0 0 - 0 8 -
4 50 3 - - 0 0 - 0 8 -
3 53 3 - - 0 0 - 0 8 -
3 56 3 - - 0 0 - 0 8 -
3 59 2 - - 0 0 - 0 8 -

0 2 - 0 90 -
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Table F.6 ·Optimal Overburden Distribution for 59% Bench Spoil and R* = 1.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 29 44 90000 
2 44 40500 30 44 99000 
3 44 45600 31 5 11800 
4 44 126000 31 6 30930 
5 44 53200 31 9 51195 
6 44 68400 31 10 36700 
7 44 53200 32 6 18120 
8 4 68400 32 9 9255 
8 6 7550 32 10 26094 
9 1 89100 32 24 89031 
9 44 5900 33 10 15546 
10 2 40500 33 26 73485 
10 3 45600 33 28 41594 
10 4 65150 34 10 12212 
11 44 133000 34 11 38830 
12 5 41400 34 12 25900 
12 6 240 34 20 20875 
12 7 53200 34 22 12653 
12 8 68400 34 26 15546 
13 44 65000 34 28 4609 
14 44 79200 35 22 35010 
15 44 63840 35 44 45740 
16 44 134520 36 30 71963 
17 44 77700 36 31 33200 
18 13 26000 36 32 46837 
18 14 34848 37 9 27333 
18 44 94552 37 12 25580 
19 44 101010 37 29 39600 
20 16 104926 37 30 7237 
20 44 31574 38 33 45600 
21 44 51480 38 34 40850 
22 18 99000 38 36 98800 
23 11 3865 39 31 26887 
23 12 111760 39 32 72863 
24 11 90305 40 34 58425 
24 18 25320 40 38 129675 
25 44 115625 41 9 672 
26 20 115625 41 10 27466 
27 6 11560 41 33 14487 
27 9 6545 42 44 48000 
27 10 33232 43 44 48000 
28 22 . 51337 
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Table F.7 

I t11 

1 1 
2 3 
3 4 
4 5 
6 8 
8 10 
10 12 
13 16 
12 17 
14 21 
16 23 
18 26 
20 30 
22 33 
24 35 
26 40 
28 43 
30 47 
32 51 
34 54 
36 57 
38 61 
40 65 
41 70 
42 71 
43 72 

Optimal Equipment Schedule for Production Unit 2 at 59% Bench Spoil 
and R* = 5.0 

a11 t21 821 t31 831 lr1 1~1 1~1 1~1 1~1 1~1 
2 3 3 6 2 - - - - 0 0 
1 6 1 8 1 0 0 0 0 2 1 
1 7 1 9 1 0 0 0 0 2 1 
3 8 4 12 2 0 0 2 0 0 0 
2 12 3 15 1 0 0 1 0 2 0 
2 15 1 16 1 0 0 0 0 3 0 
4 16 3 19 2 0 0 2 0 0 0 
1 19 3 22 1 0 0 1 0 2 0 
4 22 3 25 2 0 0 2 0 1 0 
2 25 2 27 1 0 0 0 0 2 0 
3 27 5 32 1 0 0 4 0 1 0 
4 32 5 37 1 0 0 4 0 2 0 
3 37 3 40 2 0 0 2 0 4 0 
2 40 1 42 1 0 0 0 0 5 1 
3 41 3 44 1 0 0 1 0 3 0 
3 44 2 46 1 2 0 1 0 1 0 
1 46 1 47 1 0 0 0 0 2 0 
2 49 5 54 1 3 2 6 0 0 0 
3 54 3 57 1 2 0 2 0 0 0 
3 57 4 61 1 0 0 3 0 0 0 
4 61 2 63 1 0 0 1 0 0 0 
4 65 4 69 2 0 2 5 0 0 0 
5 70 4 74 2 0 1 3 0 0 0 
1 74 1 76 1 0 0 0 0 3 1 
1 75 1 77 1 0 0 0 0 3 1 
1 76 1 78 1 0 0 0 0 3 1 

7 5 40 0 41 6 
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Table F.8 

I t1 I 
5 1 
7 3 
9 5 
11 8 
15 12 
17 14 
19 16 
21 19 
23 21 
25 25 
27 29 
29 31 
31 34 
33 38 
35 42 
37 45 
39 48 

Optimal Equipment Schedule for Production Unit 1 at 59% Bench Spoil 
and R* = 5.0 

a11 t21 a21 t31 a31 1r1 1~1 1~1 1~1 1~1 1&1 
2 3 2 - - - - - 0 0 -
2 5 2 - - 0 0 - 0 0 -
3 8 3 - - 0 1 - 0 0 -
4 12 4 - - 0 1 - 0 0 -
2 16 3 - - 0 0 - 0 4 -
2 19 3 - - 0 0 - 0 3 -
3 22 5 - - 0 0 - 0 3 -
2 27 5 - - 0 0 - 0 6 -
4 29 6 - - 0 0 - 0 4 -
4 34 3 - - 0 0 - 0 5 -
2 40 4 - - 0 0 - 0 9 -
3 43 4 - - 0 0 - 0 9 -
4 47 2 - - 0 0 - 0 9 -
4 51 4 - - 0 0 - 0 9 -
3 53 3 - - 0 0 - 0 8 -
3 57 2 - - 0 0 - 0 9 -
3 62 2 - - 0 2 - 0 11 -

0 4 - 0 89 -
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Table F.9 Optimal Overburden Distribution for 59% Bench Spoil and R* = 5.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 29 44 90000 
2 44 40500 30 44 99000 
3 44 45600 31 4 6488 
4 44 126000 31 9 48525 
5 44 53200 31 10 30214 
6 44 68400 31 11 42360 
7 44 53200 31 24 3038 
8 4 68400 32 9 12124 
9 1 89100 32 10 44048 
9 44 5900 32 11 335 
10 4 29650 32 24 85993 
10 5 53200 33 9 6081 
10 6 68400 33 26 82950 
11 2 40500 33 28 41594 
11 3 45600 34 10 33132 
11 44 46900 34 12 86803 
12 7 53200 34 26 60810 
12 8 68400 34 28 4609 
12 10 41640 35 44 80750 
13 44 65000 36 29 39600 
14 44 79200 36 30 79200 
15 44 63840 36 31 33200 
16 44 134520 37 4 21462 
17 44 77700 37 9 3865 
18 13 26000 37 10 2216 
18 14 34848 37 12 47615 
18 44 94552 37 20 24592 
19 44 101010 38 9 24405 
20 16 104926 38 20 43946 
20 44 31574 38 33 18099 
21 44 51480 38 36 98800 
22 18 99000 39 33 21424 
23 12 28822 39 34 78326 
23 44 86803 40 31 26887 
24 11 90305 40 32 119700 
24 18 25320 40 33 20564 
25 44 115625 40 34 20949 
26 20 67962 41 38 42625 
26 22 47663 42 38 48000 
27 44 51337 43 38 39050 
28 22 51337 43 44 8950 
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Table F.10 Optimal Equipment Schedule for Production Unit 2 at 83% Bench Spoil 
and R* = 1.0 

I t11 a11 t21 a21 t31 a31 1r1 1~1 1~1 1~1 1;1 1~1 
1 1 2 3· 3 6 2 - - - - 0 0 
2 3 1 6 1 8 1 0 0 0 0 2 1 
3 4 1 7 . 1 9 1 0 0 0 0 2 1 
4 5 3 8 4 12 2 0 0 2 0 0 0 
6 8 2 12 3 15 1 0 0 1 0 2 0 
10 11 4 15 3 18 2 0 0 2 0 0 0 
8 15 2 18 1 20 1 0 0 0 0 1 1 
12 17 4 21 3 24 2 0 2 3 0 0 0 
13 21 1 24 1 26 1 0 0 0 0 2 1 
14 22 2 25 2 27 1 0 0 0 0 1 0 
16 24 3 27 3 30 1 0 0 2 0 0 0 
20 27 3 30 3 33 2 0 0 2 0 0 0 
18 30 4 35 3 38 1 0 2 3 0 1 0 
24 34 3 39 3 42 1 0 1 3 0 2 0 
22 37 2 42 1 43 1 0 0 0 0 3 0 
30 39 2 43 1 44 1 0 0 1 0 2 0 
26 41 3 44 2 46 1 0 0 1 0 0 0 
32 45 3 48 2 50 1 1 2 3 0 0 0 
28 48 1 50 1 51 1 0 0 0 0 1 0 
34 49 3 52 2 54 1 0 1 2 0 0 0 
36 52 4 56 2 58 1 0 2 3 0 0 0 
38 56 4 60 3 63 2 0 2 4 0 0 0 
40 60 5 65 4 69 2 0 2 4 0 0 0 
41 65 1 69 1 71 1 0 0 0 0 3 1 
42 66 1 70 1 72 1 0 0 0 0 3 1 
43 67 1 71 1 73 1 0 0 0 0 3 1 

0 14 36 0 28 7 
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Table F.11 · Optimal Equipment Schedule for Production Unit 1 at 83% Bench Spoil 
and R .. = 1.0 

I t11 a11 t21 a2, t31 831 Ir, ,~, I~, 1~, 1&, 1~1 
5 1 2 3 2 - - - - - 0 0 -
7 3 2 5 2 - - 0 0 - 0 0 -
9 5 3 8 3 - - 0 1 - 0 0 -
11 8 4 12 5 - - 0 1 - 0 0 -
15 12 2 17 2 - - 0 0 - 0 3 -
17 14 2 20 2 - - 0 1 - 0 4 -
19 16 3 22 2 - - 0 0 - 0 3 -
21 19 2 26 1 - - 0 2 - 0 5 -
23 21 4 28 3 - - 0 1 - 0 3 -
25 25 4 31 3 - - 0 0 - 0 2 -
27 29 2 34 1 - - 0 0 - 0 3 -
29 31 3 35 2 - - 0 0 - 0 1 -
31 34 4 43 2 - - 0 6 - 0 5 -
33 38 4 45 4 - - 0 0 - 0 3 -
35 42 3 51 1 - - 0 2 - 0 6 -
37 45 3 52 2 - - 0 0 - 0 4 -
39 48 3 55 2 - - 0 1 - 0 4 -~ 

0 15 - 0 46 -
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Table F.12 Optimal Overburden Distribution for 83% Bench Spoil and R* = 1.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 25 15 31885 
2 44 40500 25 16 83740 
3 44 45600 26 21 51337 
4 44 126000 26 22 64288 
5 44 53200 27 15 12917 
6 44 68400 27 16 38420 
7 44 53200 28 26 51337 
8 5 49740 29 20 90000 
8 6 18660 30 23 99000 
9 1 89100 31 23 16625 
9 44 59000 31 24 114000 
10 2 25250 32 25 115625 
10 4 126000 32 26 26875 
11 2 15250 33 17 44298 
11 3 45600 33 21 143 
11 44 72150 33 22 34712 
12 6 39100 33 24 1625 
12 7 53200 33 29 9222 
12 8 68400 33 30 40625 
12 10 25400 34 26 27951 
13 9 65000 34 27 51337 
14 44 79200 34 28 51337 
15 5 3460 35 29 22375 
15 6 10640 35 30 58375 
15 44 49740 36 29 9403 
16 11 17375 36 31 98847 
16 12 52145 36 32 43750 
16 13 65000 37 26 9462 
17 10 77700 37 29 1000 
18 14 23154 37 32 89288 
18 15 19038 38 29 48000 
18 16 12360 38 33 74450 
18 19 89802 38 34 54625 
18 20 31885 38 36 8175 
19 9 30000 39 33 23750 
19 10 71010 39 34 76000 
20 12 59615 40 31 31778 
20 14 76885 40 32 9462 
21 12 51480 40 33 32425 
22 18 99000 40 38 114435 
23 11 115625 41 36 42625 
24 17 . 33402 42 36 48000 
24 18 56400 43 38 15240 
24 19 11208 43 44 32760 
24 20 14615 
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Table F.13 Optimal Equipment Schedule for Production Unit 2 at 83% Bench Spoil 
and R* = 5.0 

I t11 a11 t21 a21 t31 a31 1r, I~, 1~1 1~1 I~, 1~, 
1 1 2 3 3 6 2 - - - - 0 0 
2 3 1 6 1 8 1 0 0 0 0 2 1 
3 4 1 7 1 9 1 0 0 0 0 2 1 
4 5 3 8 4 12 2 0 0 2 0 0 0 
6 8 2 12 3 15 1 0 0 3 0 2 0 
8 10 2 15 1 16 1 0 0 0 0 3 0 
10 12 4 16 3 19 ?. 0 0 2 0 0 0 
13 16 1 19 2 21 1 0 0 0 0 2 0 
12 18 4 22 3 25 .2 1 1 3 0 0 0 
14 22 2 25 2 27 1 0 0 0 0 1 0 
16 24 3 27 3 30 1 0 0' 2 0 0 0 
20 27 3 30 3 33 2 0 0 2 0 0 0 
18 30 4 34 3 37 1 0 1 2 0 0 0 
24 34 3 37 3 40 1 0 0 2 0 0 1 
22 37 2 40 1 41 1 0 0 0 0 1 0 
26 40 3 43 2 45 1 0 0 1 0 0 0 
28 43 1 45 1 46 1 0 0 0 0 1 0 
30 44 2 46 1 47 1 0 0 0 0 0 0 
32 46 3 49 2 51 1 0 2 3 0 0 0 
34 49 3 52 2 54 1 0 1 2 0 0 0 
36 52 4 56 2 58 1 0 2 3 0 0 0 
38 56 4 60 2 63 2 0 2 4 0 0 0 
40 60 5 65 4 69 2 0 3 4 0 0 0 
41 65 1 69 1 71 1 0 0 0 0 3 0 
42 66 1 70 1 72 1 0 0 0 0 3 0 
43 67 1 71 1 73 1 0 0 0 0 3 1 

1 14 37 0 23 4 
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Table F.14 Optimal Equipment Schedule for Production Unit 1 at 83% Bench Spoil 
and R. = 5.0 

I t11 a11 t21 a21 t31 a31 l!f1 1~1 1~1 I~ I 1~1 1~1 
5 1 2 3 2 - - - - - 0 0 -
7 3 2 5 2 - - 0 0 - 0 0 -
9 5 3 8 3 - - 0 1 - 0 0 -
11 8 4 14 4 - - 0 3 - 0 2 -
15 12 2 21 1 - - 0 3 - 0 7 -
19 14 3 22 3 - - 0 0 - 0 5 -
17 17 2 27 2 - - 0 2 - 0 8 -
23 19 4 31 3 - - 0 2 - 0 8 -
21 23 2 35 1 - - 0 1 - 0 10 -
25 25 4 38 2 - - 0 2 - 0 9 -
27 29 2 40 1 - - 0 0 - 0 9 -
29 31 3 41 2 - - 0 0 - 0 7 -
31 34 4 43 2 - - 0 0 - 0 5 -
33 38 4 46 2 - - 0 1 - 0 4 -
35 42 3 48 1 - - 0 0 - 0 3 -
37 45 3 52 2 - - 0 3 - 0 4 -
39 48 3 55 2 - - 0 1 - 0 4 -

0 19 - 0 85 -
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Table F.15 Optimal Overburden Distribution for 83% Bench Spoil and R~ = 5.0 

Lift I Cell c Yardage (Icy) Lift I Cell c Yardage (Icy) 
1 44 89100 24 20 14615 
2 44 40500 25 17 17965 
3 44 45600 25 18 10222 
4 44 126000 25 20 87438 
5 44 53200 26 20 16482 
6 44 68400 26 21 41258 
7 44 53200 26 22 57885 
8 4 68400 27 18 51337 
9 1 89100 28 21 10222 . 
9 44 5900 28 22 41115 
10 2 18950 29 23 90000 
10 3 10700 30 24 10625 
10 5 53200 30 25 73750 
10 6 68400 30 26 14625 
11 2 21550 31 23 25625 
11 3 34900 31 24 105000 
11 4 57600 32 26 12250 
11 44 18950 32 27 51337 
12 7 27900 32 28 51337 
12 8 68400 32 29 9250 
12 9 41100 32 30 . 18326 
12 10 25840 33 25 41875 
13 7 25300 33 26 88750 
13 44 39700 34 31 54951 
14 44 79200 34 32 75674 
15 10 63840 35 29 80750 
16 9 14460 36 30 80674 
16 11 55060 36 31 71326 
16 13 65000 37 17 31415 
17 11 77700 37 18 23161 
18 14 79200 37 31 4348 
18 15 63840 37 32 40826 
18 16 12360 38 32 26000 
19 9 39440 38 33 83576 
19 10 61570 38 34 19499 
20 12 136500 38 36 56175 
21 16 33515 39 33 47049 
21 20 17965 39 34 52701 
22 17 28320 40 34 58425 
22 18 70680 40 38 129675 
23 11 240 41 . 36 42625 
23 12 . 26740 42 44 48000 
23 16 88645 43 44 48000 
24 19 101010 
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APPENDIX G 

Input Data Files for Partitioned Overburden 
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Table G.1 Input File for First Subset 

7 3 2 8 2 
75 1 

1 5 1 5 o.o 
13.00 0.85 0.50 0.90 

50 2 0.50 0.50 0.90 
100 450 
1 5 15 12.0 1 800 

13.00 0.85 0.50 0.90 
50 2 0.50 0.50 0.90 

1 1 2 270 220 30 0.65 1 500 2 1 
2 1 2 1 80 1 80 25 0. 21 1300 2 1 
3 1 2 200 1 90 24 0.00 11 00 2 1 
4 1 2 280 200 45 0.10 1 400 2 1 
5 1 1 160 1 90 35 0.00 1 800 1 0 
5 1 2 160 1 90 45 0.90 1 800 2 1 
5 2 1 160 1 90 35 0.00 2000 1 0 
5 2 2 160 1 90 45 0.90 2000 2 1 
6 1 1 250 1 90 40 0.57 2600 1 0 
6 1 2 250 220 55 0. 7 2 2600 2 1 
6 2 1 280 1 90 50 0.00 2100 1 0 
6 2 2 280 220 53 0.00 2100 2 1 
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Table G.2 Input File for Second Subset 

1 1 3· 2 8 2 
75 1 

1 5 1 5 o.o 
13.00 0.85 0.50 0.90 

50 2 0.50 0.50 0.90 
100 450 
1 5 15 12.0 1 800 

13.00 0.85 0.50 0.90 
50 2 0.50 0.50 0.90 

7 1 2 250 80 65 0.40 17 00 2 1 
7 2 2 330 80 60 0.44 1000 2 1 
8 1 1 240 1 90 28 0.00 1 800 1 o 
8 1 2 240 1 90 59 o. 7 8 1 800 2 1 
8 2 1 280 1 85 30 o.oo 2100 1 0 
8 2 2 280 1 85 60 99000 2100 2 1 
9 1 1 280 1 95 37 0.00 2100 1 0 
9 1 2 280 1 95 50 67 96 2 2100 2 1 
9 2 1 220 1 80 26 o.oo 2300 1 0 
9 2 2 220 1 80 50 1 • 00 2300 2 1 

1 0 1 1 250 1 85 50 o 2400 1 0 
10 1 2 250 1 85 50 o.oo 2400 2 1 
1 0 2 1 250 185 50 0.00 2500 1 0 
1 0 2 2 250 1 85 50 0.00 2500 2 1 
1 0 3 1 150 1 85 37 o.oo 2700 1 0 
1 0 3 2 1 50 1 85 37 0.00 2700 2 1 
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Table G.3 Input File for Third Subset 

1 4 3 2 8 2 
75 1 

1 5 1 5 o.o 
13.00 0.85 0.50 0.90 

50 2 0.50 0.50 0.90 
100 450 
1 5 15 12.0 1 800 

13.00 0.85 0.50 0.90 
50 2 0.50 0.50 0.90 

2 1 2 0 0 0 15795 1300 2 1 
3 1 . 2 0 0 0 1 8240 1100 2 1 
6 1 2 0 0 0 21175 2600 2 1 
6 2 1 0 0 0 7 9800 2100 1 0 
6 2 2 0 0 0 142019 2100 2 1 
8 2 2 0 0 0 25320 2100 2 1 
9 1 2 0 0 0 6 853 8 2100 2 1 

1 0 1 2 0 0 0 89031 2400 2 1 
1 0 2 2 0 0 0 89031 2500 2 1 
1 0 3 2 0 0 0 46203 2700 2 1 
11 1 1 200 1 80 50 0.44 2400 1 0 
1 1 1 2 200 1 80 55 0.80 2400 2 1 
1 1 2 1 250 1 90 55 0.46 3000 1 0 
1 1 2 2 250 1 90 60 0.84 3000 2 1 
1 1 3 1 250 1 90 55 0.46 3200 1 0 
1 1 3 2 250 1 90 55 0.76 3200 2 1 
12 1 1 250 1 90 34 0.00 2600 1 0 
1 2 1 2 250 1 90 64 0.65 2600 2 1 
1 2 2 1 300 1 90 35 o.oo 2800 1 0 
1 2 2 2 300 1 90 65 0.70 2800 2 1 
12 3 1 300 1 90 35 0.00 3100 1 0 
12 3 2 300 1 90 66 o.oo 3100 2 1 
13 1 2 250 11 0 31 0.00 2800 2 1 
13 2 2 300 1 00 32 0.00 3000 2 1 
13 3 2 300 1 00 32 o.oo 3300 2 1 
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APPENDIX H 

Output for Partitioned Overburden at Critical Volume Ratio 
of 5.0 
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Table H.1 

I t1 I 

1 1 
2 12 
3 17 
4 22 
6 37 
8 45 
10 57 
12 98 
13 117 
14 124 
16 133 
18 149 
20 168 
22 185 
24 197 
26 224 
28 239 
30 261 
32 281 
34 298 
36 313 
38 340 
40 362 
41 385 
42 390 
43 396 

Optimal Equipment Schedule for Production Unit 2 With Partitioned 
Overburden and R* = 5.0 

a1, t21 821 t31 831 Ir, 1~, 1~, I~, I~, I~, 
11 12 16 28 8 - - - - 0 0 
5 28 7 36 4 0 0 0 0 11 1 
5 35 7 42 5 0 0 2 0 13 0 
15 42 22 64 8 0 0 17 0 5 0 
8 64 14 78 4 0 0 6 0 19 0 
8 78 3 82 4 0 0 0 0 25 1 
18 81 28 109 8 4 0 23 0 6 0 
19 117 14 131 8 23 0 4 0 0 0 
7 131 13 144 3 0 0 5 0 7 0 
9 144 11 155 4 0 0 8 0 11 0 
16 155 27 182 6 0 0 23 0 6 0 
19 182 26 208 7 0 0 20 0 14 0 
17 208 16 224 8 0 0 9 0 23 0 
12 224 7 232 5 0 0 0 0 27 1 
14 231 28 259 6 0 0 22 0 20 0 
14 259 9 268 6 13 0 3 0 21 0 
6 268 2 274 4 1 0 0 0 23 4 
12 273 24 297 5 16 1 17 0 0 0 
17 298 15 313 7 8 1 11 0 0 0 
15 313 19 332 7 0 0 12 0 0 0 
18 332 12 344 7 5 0 15 0 1 0 
22 362 23 385 8 9 18 34 0 0 0 
23 385 18 403 8 0 0 10 0 0 0 
5 403 3 411 4 0 0 0 0 13 5 
6 406 4 415 4 0 0 0 0 10 5 
6 410 4 419 4 0 0 0 0 8 5 

79 20 241 0 263 21 
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Table H.2 

I t11 

5 1 
7 9 
9 17 

11 32 
15 53 
17 63 
19 75 
21 92 
23 100 

. 25 118 
27 136 
29 145 
31 160 
33 180 
35 200 
37 213 
39 229 

Optimal Equipment Schedule for Production Unit 1 With Partitioned 
Overburden and R* = 5.0 

a11 t21 a21 t31 a31 1r1 1~1 1~1 I~ I 1~1 1~1 
8 9 11 - - - - - 0 0 -
8 20 11 - - 0 0 - 0 3 -
15 32 25 - - 0 1 - 0 0 -
21 86 12 - - 0 29 - 0 33 -
10 98 13 - - 0 0 - 0 35 -
12 111 17 - - 0 0 - 0 36 -
17 128 23 - - 0 0 - 0 36 -
8 151 12 - - 0 0 - 0 51 -
18 163 28 - - 0 0 - 0 45 -
18 215 9 - - 0 24 - 0 79 -
9 237 2 - - 0 13 - 0 92 -
15 239 22 - - 0 0 - 0 79 -
20 261 20 - - 0 0 - 0 81 -
20 281 11 - - 0 0 - 0 81 -
13 292 21 - - 0 0 - 0 79 -
16 313 27 - - 0 0 - 0 84 -
16 340 9 - - 0 0 - 0 95 -

0 67 - 0 909 -
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Table H.3 Optimal Overburden Distribution For Partitioned Problem and R* = 5.0 

Lift I Cell c Yardage (Icy) lift I Cell c Yardage (Icy) 
1 44 89100 28 44 51337 
2 44 40500 29 44 90000 
3 44 45600 30 44 99000 
4 44 126000 31 2 15795 
5 44 53200 31 3 2445 
6 44 68400 31 10 57981 
7 44 53200 31 12 20413 
8 4 68400 31 20 33991 
9 44 95000 32 3 15795 
10 1 57915 32 11 21819 
10 4 8505 32 20 15855 
10 6 19800 32 24 89031 
10 8 65030 33 20 18692 
11 6 61560 33 26 65730 
11 8 61560 33 28 46203 
11 44 9880 34 10 21175 
12 9 54150 34 12 60829 
12 10 108900 34 18 25320 
12 44 190 34 26 23301 
13 44 65000 35 44 80750 
14 44 79200 36 29 39600 
15 44 63840 36 30 79200 
16 44 134520 36 31 33200 
17 44 77700 37 44 99750 
18 13 26000 38 12 60777 
18 14 34848 38 33 18099 
18 44 94552 38 36 98800 
19 44 101010 38 44 7574 
20 16 104926 39 33 21424 
20 44 31574 39 34 78326 
21 44 51480 40 31 26887 
22 18 99000 40 32 119700 
23 44 115625 40 33 20564 
24 44 115625 40 34 20949 
25 44 115625 41 38 42625 
26 20 67962 42 38 48000 
26 22 47663 43 38 39050 
27 22 . 51337 43 44 8950 
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