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The U.S. Bureau of Mines has developed a microcomputer-based mineral 
modelling system that enhances analytical capabilities of the agency. It draws 
upon the extensive data base previously developed for the Bureau's Availability 
studies. The model is first formulated as a generalized network flow optimiza
tion problem, the optimal flows from which are fed into a transportation 
algorithm. The goal of the modelling system is first to fulfill prespecified de
mand at the minimum opportunity cost and second to identify feasible, op
timal trade patterns. The system facilitates the analysis of policy issues on 
a real-time basis and supports the Bureau's mission to assess mineral resources. 

Introduction 
The paper documents the development of an effective 
model and solution procedure for analysis of mineral 
policy issues faced by the U.S. Bureau of Mines (Bu
Mines). The development involved the following stages: 
(1) preliminary model definition on a regional scale; (2) 
extension of the model to a worldwide scale, making use 
of an effective generalized network design; (3) implemen
tation of highly efficient computer software for solving 
the global model; (4) development of a discrete optimiza
tion interface to augment the generalized network model 
with a material routing capability; (5) computer testing 
to validate the model and solution software. 

The initial focus of the development has been on the 
United States phosphate industry, and data from this in
dustry have been used to confirm the model relevance and 
feasibility. 1 ,The success of this undertaking has been 
demonstrated by extensive testing which discloses the 
ability of the software to generate optimal allocations and 
routing (for the model parameters specified). Also, solu
tions have been obtained with extremely economical use 
of computer resources. As a result, the total mineral sup
ply analysis system provides a tool for real-time analysis 
of policy issues and is currently being applied to a varie
ty of mineral commodities. 

The background to and goals of the project can be 
described as"follows. The BuMines assists congressional 
committees and executive agencies in the analysis of 
mineral related issues. As a consequence, the Division of 
Minerals Availability supports an ongoing program of 
data collection and subsequent operational and financial 
analysis of domestic and foreign mineral producers. A 

natural extension of this charge has been the development 
of mineral supply models. 

A prime objective of this ongoing supply/ demand pro
ject has been to develop a prototype mineral supply model 
that draws upon the wealth of deposit-specific data col
lected by the BuMines. A technique was required that 
could perform two tasks: (1) determine the optimal mix 
of production levels, by property, in a given economic 
climate; and (2) determine optimal trade flow patterns 
worldwide. An optimization model was sought that could 
successfully permit the systematic screening of large 
numbers of alternative production levels, choosing those 
superior to others on the basis of a set of selection criteria. 

The initial pure network model demonstrated the ef
ficacy of this approach and a conceptual framework was 
developed. A key finding was the relevance of network 
optimization for treating major issues. However, the 
model also demonstrated the magnitude of the model
ling problem faced by the agency. A full-scale model of 
the world phosphate industry would require extremely 
adaptable and powerful solution software. These issues 
become even more important when facing complex 
mineral markets. 

The global generalized network flow model, and the 
special solution software that has been developed to 
handle it, have not only succeeded in meeting these 
challenges, but have additionally made it possible to con
duct a wide range of sensitivity analyses without time
consuming redefinition of the model. 2 This is possible, 
in part, because as problem size increases, solution time 
increases are roughly linear when using a network opti-
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mizer. Model size is now constrained by available memo
ry. Further, competitive cost analysis is facilitated by the 
use of multipliers (coefficients). 

Problem structure 
The mineral supply network model is based on the prin
ciple of technical economic efficiency in which the goal 
is to fulfill specified market requirements (demand) with 
the minimum use of resources, i.e. at the lowest oppor
tunity cost. Demand for specified mineral commodities 
in the model is either calculated automatically from an 
internal set of demand equations or set directly by the 
user. The supply side of the model is based on the inter
relationships between the various mining, milling, smelt
ing, and refining facilities for a specific mineral commodi
ty. Potential material flow or material processing is re
presented by the flows on the arcs (directed links) in the 
network model, which in turn connect actual and hypo
theticallocations represented by the nodes (junctions) of 
the model. The maximum and minimum admissible values 
of material flow and processing levels provide the upper 
and lower bounds associated with the arcs. The objec
tive function cost coefficient attached to an arc is set equal 
to the minimum of average variable (marginal) cost of 
the activity that the arc represents. Oligopolistic, vertically 
integrated mineral market characteristics are incorporated 
into the model via these constraints and the intrinsic net
work design. 

Disregarding the important feature of network multi
pliers, which will be discussed subsequently, the model 
can be mathematically stated in vector notation as: 

Minimum value of c x f 

when 

M x f = b 
o ~ f ~ U 

where: 

c = vector of marginal costs 
f = vector of flows 
M = node-arc incidence matrix (constraint coeffi

cient matrix) 
U vector of upper bound constraints 
b vector of node requirements (RHS, predeter

mined demand) 

The specific formulation of this model and additional 
features relevant to the world mineral industry will be 
examined in the following section. 

Network overview 
The full range of mineral facilities represented as discrete 
nodes in the network model characteristically includes 
mines, mills, calciners, beneficiation plants, smelters, 
refineries, ports, and final markets. Each node is desig
nated in the model by a unique 16 character label. Arcs 
representing the opportunity for processing or flow of 
material lead from sources or supply points (mines or in
ventory stockpiles), through intermediate junctions, to 
final demand points (regional product demand nodes). 
Units of flow throughout the network are consistently 

304 

metric tons of contained metal or minerals. Mineral com
modities marketed as alternative or associated products 
have flow for each product on separate arcs. 

Network design 
The global network model may be viewed as consisting 
of blocks, each of which comprises the operations of a 
specific company or country. Properties or countries are 
further grouped in regional blocks, with the regions in
terconnected to replicate international trade routes. 

Previous period inventories must be the first source of 
supply, with mines a potential second source. This require
ment can be relaxed at the discretion of the user if, for 
instance, inventory requirements are known. Each mine 
is represented separately in the model. Inventories are ag
gregated at the company level in the United States, but 
are not further differentiated by grade or origin as these 
statistics are not fully reported to the Bureau of Mines. 
Consequently, a company which operates three mines, 
and probably has at least three distinct stockpiles (if not 
more), is described as having only one. Inventories out
side the U.S. are included where reliable data are avail
able. The model provides for the possibility that inven
tories of mineral product may be stored at any or all stages 
of processing and consequently treated as potential 
sources of supply. 

Mills, smelters, calciners, refineries, ports, etc. (depend
ing upon the commodity) are viewed as transshipment 
points of the model. They do not supply minerals to the 
system, nor do they represent final demand. 

Ports and railheads are chosen to reflect actual ship
ping locations except in special cases where major ports 
were selected to represent many smaller surrounding 
ports, a device that helps to limit the number of nodes 
and arcs in the model. Most countries are assigned a single 
port location; a few, such as the United States, are allowed 
more than one port. Ports are differentiated by type of 
mineral product, so a single physical location could ap
pear more that once in the model. Ports are linked to other 
ports in a design that replicates reported or assumed 
trading patterns. As a result, not every,exporter is linked 
to every importer. Further, exporters serving importing 
countries with more than one port are linked to only one 
of those ports. This model convention serves to facilitate 
control of intercountry flows. 

Described in the next section are the relationships that 
lead to extension of the network model to a generalized 
network form, including the additional feature of arc 
multipliers. 

Network and mathematical model correspondences 
Viewing the network from the standpoint of its mathe
matical formulation, arcs correspond to variables and 
nodes correspond to constraints. The ability to establish 
such a correspondence between the mathematical formu
lation and the network representation results from the 
characteristic that each ordinary variable (arc) has exactly 
two coefficients (multipliers) and so appears in two con
straints. One coefficient is associated with the tail node 
(or from node) and another with the head node (or to 
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node) of each arc. They are used to augment or diminish 
flow over the arc and to control the direction of flow. 

Nodes represent constraints due to the principle of con
servation of flow; flow into a node always equals flow 
out of a node. A single constraint equation incorporates 
all flows associated with a given node. The variables on 
the left-hand side (LHS) represent the individuals arcs 
feeding into or flowing out of the node. The constant on 
the right-hand side (RHS) of the constraint equation 
reflects the resource limitation imposed on the node. The 
coefficients attendant on each variable in this equation 
are positive if the arc enters the node and negative if it 
leaves the node. These are the structural constraints, 
which are linear and are expressed in this model as equa
lities. 

If flow is conserved over the arc (all flow leaving the 
tail node reaches the head node), the head node has a coef~ 
ficient equal to 1 and the tail node has a coefficient equal
ing -1. However, certain head node multipliers in the 
network model are assigned positive values less than 1. 
The value assigned arises from the fact that mineral re
covery systems always have a degree of process loss. Some 
percent of the total ore body is left in the ground; ore 
falls off the conveyor belt; beneficiation recovers most 
but not all of the contained mineral. In each of these in
stances, the amount of flow entering the process is more 
than the amount leaving the process. The amount of flow 
reported as available to the next downstream facility 
should be the actual amount recovered from the process, 
not the total available before process losses are taken into 
account. The head node multiplier can be used to repre
sent these losses quite realistically. 

Consider mill recovery as an example. Some total ton
nage of mineral contained in ore is fed into the mill and 
processed. The milling cost per ton should apply to the 
total feed; but less than this amount will be recovered. 
By assigning a multiplier equal to mill recovery to the head 
node of the arc representing milling, flow out of the arc 
can be decreased to the appropriate level. Each process 
arc in the network model has multipliers assigned in this 
manner. 

The nodes associated with inventory stockpiles have 
negative external flow, i.e. the RHS ofthe constraint asso
ciated with an inventory supply node has a value less than 
zero because flow equal to the RHS must enter the system. 
The assigned value equals ending inventories in the pre
vious time period. As this is a fixed rather than variable 
value, the constraint is an equality. 

End of period inventory demand is set equal to reported 
or forecast values. The constraint is written as an equali
ty with the RHS a positive number if the model is being 
used to predict production levels, or is written as an in
equality if the model is being used to predict changes in 
inventory stockpiles. 

The constraint equations for mining nodes are written 
as inequalities since a mine can produce at a rate equal 
to its annual capacity or at some lesser rate, i.e. supply 
from mines is variable rather than fixed if the model is 
being used to predict production levels. The RHS of the 
equation is equal to the total contained mineral, post
mining. This number is calculated in the following man-

ner. 3 

TER (RES * MR * 1/(l-DIL» * OR 

where: 

TER total contained mineral 
RES in situ resource 
MR mine recovery factor 
DIL dilution factor 
GR average ore grade 

Inequality constraints that are written as 'less than or 
equal to' are converted to equalities through the use of 
slack variables. (The term slack is used in this context to 
represent both slack and surplus arcs.) In networks, slack 
variables are called slack arcs and represent unused re
sources when the RHS constant represents available re
sources. In this model, slack variables do not appear in 
the objective function since they contribute nothing to 
the optimal solution criterion. 

Demand levels are assumed fixed for any single year 
and are handled in the model as equality constraints with 
positive RHS values because flow is leaving the system. 

Finally, the right-hand side values for the constraints 
associated with transshipment nodes are zero as now flow 
enters the system or leaves the system at the node. 

Capacity constraints 
In addition to node constraints, variables in the network 
model have capacity constraints. Each variable (arc) has 
an associated upper bound and lower bound. The upper 
bound represents the maximum allowable single period 
flow over the arc in terms of metric tons of contained 
mineral. The lower bound represents the minimum re
quired single period flow. Because the problem is solved 
with a primal simplex type algorithm, lower bounds are 
actually adjusted to zero during solution and then re
adjusted; however, this process is invisible to the user. 

Capacity constraints are written in the linear program
ming formulation as two equations, one for the lower 
bound and one for the upper bound. Permissible flow 
is less than or equal to the upper bound and is greater 
than or equal to the lower bound. The bounds on slack 
variables are handled in this manner. The upper bound 
on slack arcs associated with active mines is set at total 
contained mineral for the life of the mine. The only other 
arc connected to the mining node is the mining process 
arc which has an upper bound equal to annual mine 
capacity in terms of contained mineral. 

The slack arc permits supply to vary from zero to the 
upper bound of the mining process arc. The slack arc is 
constrained by total resources rather than annual capacity 
to facilitate multiyear simulations. Initially, slack arcs 
associated with non-producing mine nodes are assigned 
an upper bound value of zero. When they are redefined 
as producers, the upper bound is reset to total resources. 

Arc costs 
Associated with each arc is a value that represents the 
average variable cost of moving one unit of contained 
mineral over the arc. Variable costs are assumed equal 
to marginal costs for reasons discussed in detail by 
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Shields.4 For mining and milling, costs are in January 
1985 U.S. dollars, updated from the data base developed 
for the BuMines Availability reports. Operating costs cate
gories included in variable cost for mining and milling are: 

Supervisory Labor 
Skilled Labor 
Unskilled Labor 
Electric Power 
Fuel (diesel, gas, etc.) 
Supplies (non-energy) 
Equipment Repair Parts 
Administration and General Overhead 
Royalties 
Severance Taxes 

These costs are used in the model after correction to 
reflect level of contained mineral. Operating cost is 
divided by average feed grade for the simulation year. 
The general equation for mining cost is shown below. 
Milling costs are developed in a similar manner. 

Mine operating cost! mt ore = 

Percent contained mineral 

arc cost!mt contained mineral. 

U.S. transportation costs are based on rail and barge 
rates reported to the BuMines by individual mineral pro
ducers. Costs are corrected to reflect contained mineral. 
Costs for international ocean transport have been derived 
from freight rates published in various journals. The func
tional form of the relationship can be described as: 

rate = r( distance, intensity of use, passage through 
canals). 

Arcs representing further processing are assigned the 
variable costs of that process and are updated to January 
1985 dollars. These costs are reported in terms of mt of 
contained mineral processed. Previous years' inventories 
were judged to be costless as they reflect previous years 
expenditures and are thus sunk cost. Holding costs for 
inventories are included in the models to the degree the 
reliable estimates are available. 

Solution algorithms 
A network flow model is a constrained optimization that 
can be described as fulfilling demand while minimizing 
the per unit cost times units of flow over all arcs without 
violating the node and arc constraints placed on the 
system. 

Global general network flow algorithm 
This problem is solved via a global generalized network 
algorithm that utilizes a Phase I/Phase n start and pro
gresses toward optimality in the following manner. 
Imaginary arcs (artificial variables) are introduced and 
form the basis for an initial feasible solution. During 
Phase I, cost is set to zero on all real variables and a cost 
of one assigned to imaginary variables. Using the primal 
simplex method, real variables are found to accept the 
flow from the starting imaginary variables. As flow on 
an artificial variable falls to zero, that artificial is removed 
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from the problem. When all flows have been shifted to 
real variables, Phase I is complete, i.e. there is a set of 
flows entirely on real variables. This represents a feas
ible, albeit a non-optimal solution. At the start of Phase 
n, actual costs are restored to the real variables. The 
primal simplex method is again applied to find better 
(lower cost) flows. When no more flow can be shifted 
to alternative lower cost arcs, an optimal solution has been 
found. The solution fulfills technical efficiency since the 
technical limitations of the market (constraints) are ob
served, and it fulfills economic efficiency because out
put is supplied at the lowest system cost. 

The solution is provided in three parts: (1) the ob
jective function value; (2) the optimal flows by arc; and 
(3) the' shadow price' associated with each constraint. 

The first of these is a single dollar value equaling the 
minimum total system cost required to fulfill predeter
mined demand. The optimal value for the base case can 
be utilized as a point of reference. In subsequent runs of 
the model, the optimal value can be compared to the 
original base case value to determine, ceteris paribus, how 
a change to the network model would impact total cost. 

For the second, optimal solution arc flows are defined 
as the predicted level of flow in ,mt of contained mineral 
for each arc and are segregated into two types, non-basic 
arc flows and basis arc flows. Arcs which have an op
timal flow equal to either zero, the lower bound, or the 
upper bound are non-basic arcs. Arcs with an optimal 
flow between zero and the upper bound are basis arcs. 
There is a maximum of one basis arc for each node. 
(These flows can be reported together or separately as 
desired.) 

It is important to keep in mind that the network model 
is solved with a cost minimizing algorithm; hence, the 
simultaneous solution represents a system wide cost mini
mization as opposed to cost minimization for any single 
property. Every individual flow is a function of the cost 
and constraints on not only that arc but also on all other 
arcs. The solution flows represent the optimal results if 
the economic world were 'rational' and 'efficient', and 
only cost minimizing goals were taken into consideration. 
As a result, flows can be viewed in two'different but in
terrelated contexts. The levels of flow into a single desti
nation (head node) from several competing sources (tail 
nodes) are indicative of the relative competitive status of 
each of the suppliers into that market. Simultaneously, 
the levels of flow from a single source (tail node) to several 
destinations are indicative of the relative attractiveness 
of each of the alternative markets. 

To compare the relative competitive position of several 
suppliers in a single market, it is necessary to compare 
the optimal flow on each incoming arc to the capacity 
constraints on that arc. 'For example, if three arcs are 
directed into a single port, each corresponding to a dif
ferent country, it is possible to rank the three source coun
tries in terms of relative competitiveness. If the optimal 
flow on one arc is at zero units, then that supplier is 
relatively less competitive than other possible suppliers. 
Conversely, if optimal flow on another of the arcs were 
at the upper bound, then that supplier would be con
sidered relatively more competitive than suppliers whose 
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optimal flow is not at the upper bound constraint. Sup
pliers for whom the optimal solution is between the up
per and lower bound have an intermediate competitive 
position, above those suppliers with flow at zero and 
below those with flow at the upper bound. 

These results can be explained in terms of economic 
efficiency, but to do so requires the use of the third part 
of the solution, the shadow prices. Each node in the net
work is assigned a shadow price pi (variously called node 
potential or dual variable) as part of the optimal solu
tion. Pi represents the value to the system of a unit of 
flow removed from the network at that node. Once the 
shadow price at each node has been determined, the rules 
of complementary slackness5

,6 are used to identify which 
arcs should have increased flow. Where cost minimiza
tion is the objective, cij is the cost on arc ij, mi is the arc 
multiplier at node i (or M matrix coefficient for arc con
straint i), and mj is the arc multiplier at node j, the com
plementary slackness rules are: 

(1) If cij is less then piimi + pijmj' it is profitable for arc 
ij to increase its flow and in fact, the unit increase 
in profitability or marginal profit is p~mi + pijmj -
cij · 

(2) If cij equals piimi + pijmj' increase or decrease of 
flow on arc ij does not affect the objective function 
value. 

(3) If cij is greater than piimi + pijmj' it is profitable to 
decrease flow on arc ij. 

Complementary slackness states that if the increase in 
value of a unit of flow as a result of moving from the 
tail to the head node is greater than the cost of doing so, 
then it is economically efficient to do so. Conversely, if 
the increase in value of a unit of flow as a result of moving 
from the tail node to the head node is less than the cost 
of doing so, no units should be moved. A supplier can 
be considered relatively more competitive in a specific 
market to the degree that flow from that source is econo
mically efficient compared to flow from other suppliers. 
(As stated previously, the model assumes 'rational' cost 
minimizing economic behavior.) 

If multiple arcs are solving at the upper bound, sup
pliers can still be ranked by competitive position through 
the use of sensitivity analysis. Flow out of the head node 
representing the market in question is incrementally re
duced and the network model reoptimized. As this pro
cess is repeated, the reduction in total flow out of the head 
node forces flow from the highest cost supplier to that 
node to be reduced to the lower bound. Eventually all 
suppliers but one have been reduced to the lower bound. 
Similarly, if several suppliers are shipping at the lower 
bound into a single node their relative competitive status 
can be ranked by reversing this process. Flow through 
the head node can be increased and the model optimized 
again until each of the non-shippers has been assigned 
flow. 

Transportation algorithm and short run supply 
The initial optimal solution discussed above (as dis
tinguished from sensitivity analyses) is used to develop 
regional short run supply curves for delivered mineral pro-

duct. A short run industry supply curve is a schedule of 
the amount of product all firms are willing and able to 
offer for sale at each cost and is represented by the 
horizontal summation of the individual marginal cost 
curves for each firm. In this model, the quantity-marginal 
cost relationship representing supply is derived by deter
mining the marginal supplier to each region for a range 
of quantity levels. The marginal supplier will have an 
associated marginal cost per unit of delivered secondary 
product, which is the sum of the arc costs for all arcs in 
the path from mine to demand point. As was previously 
discussed, arc costs are considered marginal costs, and 
so a sum of the arc costs over a path is identical to the 
marginal cost for a unit of delivered product. The margin
al supplier is defined as that supplier with the highest 
marginal cost to a particular demand node. As such, it 
would be the first supplier to lose market share if demand 
were reduced. 

Because of the complexity of the network design, both 
in terms of number of nodes and direction of flow, it is 
impossible to identify all the paths from mine to demand 
point by visual examination of the model. Rather, the 
marginal supplier is identified through the use of the 
transportation algorithm. 7 This algorithm takes into 
consideration the combinatorial complications arising 
from the non-discrete nature of generalized network flows 
and is applied to the optimal data set from the general
ized network solution. 

Paths are selected in the following manner, with the 
goal of identifying the alternative distribution paths com
patible with the least cost solution. That is, paths must 
use the optimal network solution. Arc flow capacities for 
the path problem are the optimal flows from the network 
problem. The program then solves for the shortest path 
from every source to every destination. A simple FIFO, 
first-in/first-out, shortest path algorithm is used. (Ap
proximately 10070 of the nodes are sources and 3% des
tinations.) The program next selects the minimum, or 
shortest, path distance to each destination as calculated 
above and sends as much flow as possible (consistent with 
the optimal solution) along those paths, storing them in 
memory. Since the algorithm is working only with opti
mal flows, sending' all available' flow is consistent with 
the optimal solution. The optimal flows are reduced by 
the path flow just recorded in memory. This process is 
repeated until there are no more flows left for which paths 
are needed. At this point the problem is finished. 

Paths are reported by region, by demand type, in order 
of increasing marginal cost. The most expensive path to 
each demand type in each region is flagged as a marginal 
path, The marginal cost on the marginal path is paired 
with the demand quantity for the associated demand node 
as the price/quantity coordinate. 

One output of the model is a graph of unit cost for 
delivered product versus cumulative quantity, for all paths 
to a single destination. This graphic allows the user to 
visually compare the cost-quantity relationships of all sup
pliers of a single product into a specific demand region. 
This is particularly useful in sensitivity analysis, allow
ing visual comparison of the range of costs for all sup
pliers under differing scenarios. 
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It is important to keep in mind that the transportation 
solution is guaranteed to be optimal but not to be uni
que optimum. By nature .of the design of global general 
networks, more than one optimum may be possible. 

To develop the vector of price/quantity coordinates 
that will be used to represent supply, it is necessary to 
repeat the foregoing process of determining marginal sup
pliers by region for a series of different demand levels. 
These demand levels could be calculated from the demand 
equations for each region. For a given scenario, i.e. net
work design, all variables in the demand equation are 
fixed by the user except for price and quantity. By vary
ing price, a series of quantities can be calculated. This 
process is repeated for each demand region, using the 
same set of prices. The result is an array of price/ quan
tity coordinates for phosphate fertilizer demand in each 
of the regions. These quantity levels are substituted into 
the network design. For any single solution, all demand 
levels reflect the same hypothetical market price. 

Once a vector of price/ quantity pairs representing sup
ply has been calculated for each region, these values are 
regressed to calculate the short run supply curve for 
delivered secondary product. A robust regression that 
minimizes the absolute deviations is used rather than an 
ordinary least squares regression. 8 The regression is for
mulated as dual linear program, using an appropriate 
translation of the variables, to have a dual feasible start
ing basis. The final LP solution values can be recovered 
and translated to yield the parameters defining the robust 
regression equation. 

Multiyear analysis 
The network model can be used for multiyear analysis. 
For future years, demand can be set by the user or deter
mined via the demand equations. Inventory demand in 
the base year is that reported byV.S. manufacturers. For 
forecasting simulations, changes in inventory demand are 
set by the user. No demand equations have been developed 
for inventory demand and no attempt has been made to 
create supply curves for those products. 

The previous mentioned regression equation represent
ing supply and the equation representing demand can be 
solved simultaneously to generate a short run equilibrium 
price and quantity. This should not be viewed as a price 
forecast. Since the model is variable cost based, return 
to capital is not part of the solution value, but would cer
tainly impact pricing decisions. Nonetheless, the equili
brium price and quantity values have several important 
uses. Equilibrium price values calculated in sensitivity 
analyses can be compared to base year values to give an 
indication of possible relative movement of price with 
respect to market changes. The equilibrium values could 
also be used to select that generalized network solution 
for which demand levels are closest to equilibrium quan
tity. Once the appropriate solution had been identified, 
production levels by property, relative competitive status 
into specific markets, and marginal suppliers could be 
identified and reported separately for each year in the 
analysis. 

The individual production levels identified through use 
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of the price quantity equilibrium for a single year are used 
to reduce total resources for each property prior to the 
next year's simulation of the multiyear analysis. As a pro
perty's total resources are reduced to zero, it no longer 
can supply the network. Exhamtion is modelled in this 
manner. 

Non-producers are considered for reclassification as 
producers between each year of a multiyear run. The 
criteria for changing a property to producer status are 
listed below. Assuming that an adequate preproduction 
development period has elapsed since the first year of the 
simulation, a positive response to anyone of the four 
criteria would trigger the change: 

1. Resources at another mine (specified by the user) are 
exhausted. 

2. Equilibrium price in the previous time period equals 
or exceeds a price specified by the user. 

3. Equilibrium quantity in the previous time period equals 
or exceeds a quantity specified by the user. 

4. The simulation year is a prespecified year. 

All non-producing properties have default values for 
each of these criteria; however, each can be changed by 
the user. To bring properties into the simulation, the up
per bound on the slack supply arc associated with that 
property's mining node is reset to equal total annual 
capacity. This does not mean that a property will auto
matically operate; the cost minimizing algorithm chooses 
who will produce at what level. Reclassifying a property 
merely provides the opportunity to produce. 

Conclusions 
The V.S. Bureau of Mines is charged with the respon
sibility for economic evaluation of mineral resources 
worldwide. Integral to this work has been the develop
ment of a supply modelling capability. The mineral 
modelling system described here is a useful tool for 
analyzing questions of mineral policy and/ or short run 
mineral supply. In particular, it lends itself to such issues 
as relative competitive status, trading patterns, impacts 
of environmental regulation, and shipping deregulation 
(to the degree that it impacts bulk commodity transport). 

This framework has been used to study the world phos
phate industry (the results of which will be published in 
an Information Circular) and is currently being utilized 
in studies of world chrome and phosphate markets. The 
methodology and subsequent market studies will be made 
available to other V.S. government agencies, congres
sional committees, and to domestic industry. 
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