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PREFACE

Phils study contaiﬁs the Final Report, Part I, of the In-
vestigatlon of programming the supply of manganese for the United
atates. It is the third technical report distributed on this toplc
by the Bconometric Research Program (formevly Fconomlcs Research
Project) of Princeton Unilversity. The second part of the final re-
port will be distributed at a later date, when the last computations
have been concluded.

The filrst non-stochastic model discussed below was
origlnated and developed by Herman I'. Karreman who also bore the main
purden of coordinating the entire work. I want to thank him for the
devotion and circumspection which he has brought to the entire study.

The computation for the first model was found and developed
by Philip Wolfe.

The second stochastic model was origilnated by Harlan Mills
and in part developed by Franklin R. Shupp. The computations of the
model were based on a method modified and applied for the purpose by
Stuart Dreyfus.

The actual computations for the flrst model were made on
TBM 70k's at the RAND Corporation and at the Institute of Mathematical
aciences of New York University. Herman F. Karreman and Philip
Wolfe were asslsted by Leola Cutler; William Dorn also contributed
to the computations at New York Unlversity. | '

The conputations for the second model were made on the
Maniac computer of Princeton University. They were carried out by
Stuart Dreyfus and Franklin R. Shupp. The latter also had a large
share in the collection of widely scattered data.

We wigh to express thanks to the three mentloned insti-
tutions for waking their computing facllities so readily available.

Oskar Morgenstern
Director, Fconometric Research Program

October 15, 1958
Princeton Unlversity
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" CENERAL INTRODUCTION

The problem dealt wilth in this report arises in connection
with the American manganese situatlon. Confronted with the need for
manganese in steel production, the subsequent need to import, the
availapility in this country of varilous low grade ores, the exlstence
of a technology for upgrading these ores, and the govermment policy
of building a stockpile of imported ores, thers is the question of
determining the optimal decisions in view of the possibillity that
various forms of political disturbances might arise. " These
possibilities are cold war or hot war, each with wminor or major
blockade, etc. Here 13, therefore, a problem in decision making.

A decision has to teke into account the data, the objectlve, the
acta of nature, the actions of the opponents and the availability
of scilentific methods in ordey to arrive at a calculated decislon,
versus the mere intuitive method of guessing at it by means of
common sense and general experience. murthermore, the decislon has
to be made for a conslderable time interval and conditions may
change during this perlod so that they affect the optimality of the
initial decision.

A problem of this type cannot be solved by conventlonal
methods normally used in such cases. Therefore 1t became worthwhile
to study whether new techniques developed over the last few ysars
might lend themselves to the task. Indeed, since these methods. are
‘st111 under active development, one could ask whether additional
techniques might be invented still better able to cope with the
great amount of complexity encountered.

Results of this study are outlined in the following pages.
The investigation 1s based on a considerable amount of empirical,
descriptive work. An attempt was made to come as close to the true
data as possible and, where they were lacking, to make egstimates
upon which it would be hard to improve without fundamentally new
information coming to lilght.

Next, models had to be constructed. 1t is Important to
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pealize what is demanded of a model: (a) it must be similar to
reality, but 1t cannot be identical with it; a model simplifies
the infinitely cowplex real world; {(b) it must not be too simple,
gince it would otherwise be too far away from reality; (c) it must
be amenable to thorough 1oglco—mathematlcal exploration and formu-
lation; (d) it must be possible to solve mmerically for the ur-~

knowns.

The subsequently described models fulfill all these re-
quirements. Now that they are avallable it would be possible to
expand and lmprove thew, although with considerable difficulty-
They could be expanded 1f more data became avallable, or if new
processes were added; they could be 1mproved 1f new computing
techniques and facilities were developed. As it is, some computa-
tions described below went to the limit of the capacity of the most
advanced electronic computers now available. In addition, new
computing techniques had to be designed in order to cope wlth the
complexlty of the present models. It can be surmised that more
work along these lines would be promising, probably resulting in
the incorporation of & greater varlety of possibilities into the
models, making thewm even more useful than they are at present.

A model Formulates a sclentific problem, and the
nmmerical solution provides as detalled an answer as is possible.
But the model does not make recommendatlons. As a consequeﬁce our
computations must be seen in this light. We do not recommend that
one beneficiation process be preferred over another, .or that the
stockplle of manganese be reduced or increased, etc. The different
models state one or tho other of these things as the outcome of the
formulation of the problem and the ensulng computations. It 1s now
possible to use our models by putting different data into their
framework thus testing what differences this produces 1n the
answers. It will be seen that this is a somewhat delicate process
to be done only with the greatest care. An important illustration
of this is offered by the two computations made for the econometric
model described in the first part below. There, the same constraints,
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the same import prices were assumed for both, but a different in-
itial stockpile and two different sets of domestic preductlon costs
were introduced. The results obtalned are qulte different.

For the policy maker this spells an important lesson: A
great effort should be made to develop usefil models of the type
shown here. Then he wust wmake sure that he possesses the best
possible information to use with the computation. And he must try
to formulate his aims as clearly as he can. If uncertainty about
the data or about the aims exists, a number of computation. runs
is easily arranged once the compubing codes have been written. The
policy-maker may then pick the most sultable procedure, introducing
into the final selectlon also other viewpoints, frequently of a
strictly political nature, the existence of pressure groups, geo-
graphical considerations, etc., outside most models. '

Tt is interesting, however, to note, as the reader will
discover in greater detail below, that the various approaches in
our models yield in common one answer in spite of all other differ-
ences: the stockpile is played down or consumed rapidlﬁ and the
improvements in the technology of upgrading manganese ore, as Tre-
flected in cost estimates, make themselves felt very strongly over
the future years of the assumed emergency. In the detalls there
are wide differences which could never have been guessed at and
which could not have peen fourd with conventional means .

The work described in this report, as well as the further
rofinements which will be the subject of the second part to be
published later, are a first step in bringing modern methods to
Jbear on goverrment decision making in an area where advanced tools
fhave not so far been available. From experience gained In other
fflelds 1t is safe to predict that once exact methods are avallable
the need for their further development and application will rapidly
Jexpand. As it happens so frequently with scientific work, the out-
lines of new problems and new approaches become vigible as soon as
the first ones have been solved. In this manner progress is

* jachieved.
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Specifically; the present report deals with two different
aituations: the first part makes a fixed forecast of a political
emergency-type situation; the second part aliows for uncertalnty
in future political situations. There are advantages to both
approaches. The first allows for a greater wealth of detail by
distinguishing between various types of alloys, lmport areas,
peneficiation processes and domestlc sources. The second has to
sacrifice some of this information but gains in flexibililty by
allowing for many other variants, in particular by assigning an
important role to the chance factor. This illustrates some of the
more general remarks made above about the possibilities assoclated

with model construction.




A NON-STOCHASTIC MANGANESE MODEL

Case of a Fixed political forecast and an
extensive description of the
manganese technology

[NTRODUCTION

In this case the underliying assumption is that one has a

'o be more specific, it is assumed in thils case that a limited war
7111 break out 1n the next year and that it will last for about six
rears. This war will be "limited" in the sense. that 1t will be
fought with conventlonal weapons, in particular submarines, used by
the enewy to cut off the supply of foreign ores, i.e., manganese.

The amounts of manganese regulred to keep the iron and
steel industry in running condition under the given clrcumstances
re sssumed to follow a certaln pattern. The latter 1s directly re-
lated to the demand for steel which is oxpected to exist in these.
SMergency years..

The supply conditions outside the Unlted States are
pagumed to be the same throughout all these years. Thils does not
hean, however, that these ores will always be offered at the same
brices; on the contrary, it is assumed that the prices of these

- forelgn ores depend to a certaln extent on the quantities that will
be bought by the United States. The cost of transportation is
ssumed to reflect the difficulties of getting the ores to the
United States under the gilven circumstances.

Two different situations at the start have been asgssumed
LO exlst in order to show the depeﬁdency of the outcome on the
starting conditlons. The differences lie in the amounts of ore
pSsumed to be stockplled in the years previous to the emergency

" period as well as in the costs at which manganese can be obtained
[rom domestic sources. The reason for making a distinctilon at this

1

rood lnsight in the politlcal situatlon for the next couple of years.



int 18 that the government can influence, here more than anywhers
4e, the starting conditions. This is very clear in the case of
Bckpiling ores, but the govermnment can to & certaln extent also
snfluence the rate at which the technology develops'inéide the
ntry and the domestic production costs decrease-

A distinction was made between the two forms of manganese
alioys used in the production of steel, viz., ferro-mangaenese and
Fiiicovmanganese. This distinction was necessary because certaln
tyﬁeszof steel require the use of ferro-menganese whereas silico-
manganese is preferred to a combination of ferro-mangansse and
Srro-silicon in the production of other types of steel.

Another distinction between three import areas: 1) South-

] 1ia 2) South and West Africa 3) Latin_Ameriba, was made for
ifijéﬁrategic rEagons .
;5%52 A distinctlon was also wade between the principal sources
{ gibf domestic manganese namely 1) the Cuyuna deposit 1n Minnesota 2)
2 ‘féﬁhe Open-Hearth slags of the steel wills and 3) the Arocostook deposit
.ﬁihﬂMaine. The manganese coming from each of these sources has 1ts
_@ﬁh specilal character and has to be upgraded in a partlcular way

‘This led to the selection of 4 upgrading processes, Viz., 1} the

gylvester-Desn and 2) the Wright process, both for upgrading Open-
 Hearth slags 3) the Dean'prooess for Cuyuna and %) the Udy process

for Arocostook ore.1
The dlagram shown on the following page plctures the whole

technology underlying the present model -

THE MODET,

: An econometric model of the dynamic operatlon of the en-
tire manganese system, as shown on the diagram of the followlng page
has been congtructed. This model includes varlables representing:

1 The way in which these 4 processes nave been selected out of

wore than a dozen beneficiation proc
Model No. ia'", internal paper of February 12, 1958.

fial ot bt
-

esses 1s described 1n _Manganese
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i 1) quantities of manganese contained in the stock-

i . pile and the deposits at the start of the perlod

4 under consideration |

o) yearly manganese consumption requirements of the
Aron and steel industry |

3) vyearly importation of manganese

4) yearly domestic mining, beneflclation and
processing of manganese

5) capacities of domestlc facilities

and relations among these variables representing:

i) material balances at each inventory and stock-

SR

pile polint

2) limitations of electrical energy for manganese
beneficiation

3) +time to reise domestic capacities

4) limitations of known guantitles and qualities
of domestic manganese deposits

5) limitatlons of foreign supplles (influenced by
political conditions). '

The objective of the model 1s to determine those activities in the
manganese system which make 1t operate at lowest cost. Xor this ‘
reason various costs have been developsd for the system, representing:

1) importation.dosts, which, in the past, have indicated
a strong dependence on the imported guantities

o) domestic manganese upgrading costs — for several
proposed pProcesses

3) domestic facility expansion costs

4 ). inventory and.stockpile maintenance coats

Altogether, there are 20 wvariables and 18 relations for
each year of operatlon — for a six year plamming model there are
- 106 variables and 102 relations (slightly less than 6 x 20 and
6 X 18 because of "starting and stopping" conditions). The entire
expenditure in the manganese system over a six year period 1s written
as an expression in these 106 variables. The problem, then, is to
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minhmize'these expenditures, subject to the variables satisfylng
:{he 102 relations required of them. 'This problem turns out to
ibe one of a type oalled "gquadratic PPOgrams". The precise mathe-
patical formulation is givemin the Appendix.

) To solve this large~scale guadratic programuing problem,
Philip Wolfe, formerly with this project and now with the RAND
~Gorporation, developed & pethod which is based on George Dantzig's
simpleX techniqu.e.1 The first computation was performed at the
“RAND Corporation in April of this year: A second . computatlon, with -~
g different set of data as inpub, was made at New York University

“and’ came to 18 completion in August.

This second computation was mede 1O find out to what ex-

" tent changes in the domestic production cost would affect the solu-
_ Tiom. For, in order to make the problem computable, it had to be

* assumed that these cogts would be constant per unity of activity.
:.This 18 & rather strong assumption in view of the rapidly developing
' technigues of upgrading domestic ores. Thus it secemed essentilal to
'make a second cqmputation with a set of lower domesatic production

. costs.

* THE DATA

) The date falls into two groups. The first group ls TIe-

~ lated to the "eonstraints', being in this case the requirements that
~ have to bé met, the quantities of electric cnergy that will be

. available, the manganese content of the domestic sources, etc. The
- 'second group of data is related to the cosis of importing forelgn

.. ores and producing upgraded ores and alloys domestically.

a) The Constraints

The two sets of constraints used for the first and second
Computation are shown On the following two pages.

‘ The Simplex Method for Quadratic Programning, by Philip Wolfe.
ANP Paper P-1205 of 25 october, 1957. (This 18 an important

- achievement in computational theory which this project helped

- motivate. ) _




_ The required amounts of alloys during these six years have
eon sasumed to be the same for both computations; they are:

Requirements (in 103 NT of Mn)

Perro-mangansese Ferro- or silico- 31lico-manganese
only ‘ manganese preferrad
pS . 1] v
1st year 340 heg 85
2nd year 360 R 10) 90
3rd yeay 370 60 95
hth year 360 Lho 95
5th year 350 k35 90
6th year 350 hho 95
2130 2650 550

The manganese requiroments are pased on the quantities of
1ron and steel, assumed to be produced during the years 1959 through
1964. These guantities are well above what would be produced if only
the development in the past were continued-1 The differences reflect
the higher production in the emergencj agsumed to exist in these
years. A comparison between the "normal" and "emergency' requirements
of manganese 1s given in the followlng table:

Estimated Manganese Requirements

Normal Noxrmal Imergency Fmergency Emerg. in %
(1000 Nt of Mn) 1959=100./(1000 Nt of Mn) 1959=100 of Corr. Noym.
1959 778.5 100 850 100 109.2
1960 798.8 102.6 900 105.9 112.7
1961 819.8 105.3 925 108.8 112.8
1962 841.h 108.1 895 105.3 106.4
1963 863.6 110.9 875 102.9 101.3
1964 887.1 113.9 885 10k .1 99.8

' a.e for this "The Bill of Steel Requirements" by Robert E. Kuenne,
Econometric Ressarch Program, (unpublished manuscript) June, 19573
this study will be included in the final report.




~As can be seen from this table, the requirements at the

ing of the emergency are well above the normal ones. This is

peginn
in,agreement with what one can reagonably expeet in guch & situatlon.

The quantities of slectricity assumed to be avalilable are,

. however, not the same:

Electricity (in 106 KWH )

18t Computation ond Computation
Available Available Availleble  Available
to Udy furn. to other furn. to Udy furn. to other furn.
b} i B E
1 o 1 2
ist year _ 100 200 200 1540
ond year 150 215 300 1630
. 3rd year 195 2R5 500 1675
Lth year 250 235 800 1620
5th year 315 - 250 1200 1585
gth year i¥els) 265 1600 1610

The available quaptitles of slectriclty are much more
1iberal in the second computation; still, it may be assumed that
these more liberal amounts of electric energy are not outside the
realm of possibilities in the emergency situation that is here en-

visaged.

The quanfities of manganese assumed to become available in
- the form of Open Hearth slags are:

Manganese 1n 0. H. slags (in 105 NT) R, -

EE 18t Computation ond Computation
| 18t year 285 570 .
ond year 300 605
3rd year 310 620
4th year 300 605
5th year 205 590
6th year . 295 595

Total 1785 3585
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: Tt has been assumed that the quantities of slags dis~
'od by the steel mills will bé about twice as much as has been
umed for the first calculation. Actually, the second sequence
rlects the present situation much better than the first one, which
éht be considered as being somewhat -on the conservatlve side.

_ Furthermore, the following quantities of manganese have
on assumed to be avallable at the beginning of the first year:

Availabllity of Manganese (in 103 NT)

18t Computation  2nd Computation

: Tnitial stockpile (3) 1950 950
%_ Cuyuna Mn deposits (R16) ‘ 4320 4320
;é_ Cuyuna Fe desposlts (R18) 1386 1386
g; Aroostook deposits (319) 8190 8190
4

' The last figure is the highest that was permitted to enber the cal-
culations; the actual figure 1s higher.

&
E

iE
3
i
iFE
H 3

- 1t has been assumed for the second computation that the
amount of menganese contained in the Initlal stockpile is much
i smaller than what is assumed for the first computation. The latter
§ covers more than the demand of the first two years, while the former
is barely sufficlent to mect the requirements of the first year.
This 1s more or less the smallest quantitonf atockpiled ore that is
permlsgible in view of the uncertain supply of foreign ores under
thege clrcumstances and the time involved in constructing the plants
and mines.

Finally the following capadities of the beneficlation plants
have been assumed to exist at the beginning of the first year:




Initisl Capacilties (in 10° NT of Mn per vear) " .

“1gt Computation _2nd Computation

Udy-alloy furn. (K5) ' 0 0

Ibmnbmwf.phmt(KﬁQ .5 B
Sylv. D.‘benef. plant (K13) 0 0
Wright benef. plant (K14) 1 10
Udy bensf. plant (K15) 0 0
Cuyuna wines (K16) 6 6
Hot-Metal plants (K18) 1.2 12
0 0

Aroostook mines (K19)

b) The Costs

The costs of forelgn ores consigts of two elements,
viz., the export'prices of the ores and the cost of bringing them to
the United States (the latter involves more than merely the frelght

rates as will be showh later).
As for the export prices the following functions have besh

used ;

12 export price of Indlan ore-

Dy 4 = * o.ohkxg)i *_0°O13X9,i—1 - o.ooux1o}i - 0.001X, ¢ 41

2
- o. . - O. 1
0 oolm{”,l 0 oo1xﬂ,i_1 + L8
O
2= export price of African OTe.
N 0.092%, 4 1 + 0'023on,i-1 - 0.-0(_)8}<9’jL - 0.002Xq 4 _;

J

— 0.00 - 0.00 . .+ 36
0.00hx,, 4 0.001X, 4 4.4 3
O

32 export price of Latin American OITe.

Py, s o= . , ., - O. , ~- 0. \
11,1 = F 0.172% 4 4 ¥ 0 043:{”,1_1 0.010%g 4 0.003%g 4 _1

- 0, ., - 0. . + 30
0 OOSXTO}l 0.002X, ¢ {4 3
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where the p's are expressed in $/NT of Manganese and the Xx's
in 1000 NT's of Manganese vhile the indices 9, 10 and 11 Te-
fer to respectively India, South and West Africa and Latin Amerlca.

The_coefficients have been estimated on the basis of the
price-quantity relationships 1in the years 1952- 1956. Although the
adopted estimation procedure was rather simple, 1t ls felt that the
estimates are sufflclently accurate to be used for the purposes of
this study.

f; Besildes theée export prices, there are also the costs of
: bringing the ores to the United States. Normally the freight rates
form the main part of these costs, but in the case of an emergency,
due account 21sc has to be given to the insurance costs. The
following cost figures (in $/NT of Manganese) have been used:

India Af'rica Latin-America

freight insurance freight insurasnce freight insurance
18t year  $75.~  $100.- $h5.-  $50.- $30.-  $30.-
2nd year 86 . - 90. - h8.—- - hs.- 32. - 25—
3rd year 93.- 80.~ 52, — Lo.- 3.~ 20.~
 hth year 100.- 60.- 55 .~ 30.- 36. - 15.-

5th year  107.- ho.- 58. - 20, - 38. - 10.-

: The freight rates have been estimated on the basis of in-

. formation collected for the years 1953-1957 (1st half). It has been
;fassumed that the freight rates during the first year of the emergency
Q;Will be approximately 1.5 tUtimes those of the fall of 1956 (Suez

~ Canal crisis) and from then on will contlnue the rising trend of the
- past.

_ On the basis of past experiences the insurance premiums are
_§§5Umed to 1ie in the first ysar somewhat above the freight rates,
but thereafter to dwindle down.

_ Finally, it should be remarked that the costs of foreign
OPGS have been assumed to be the same in both computatlions.
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However, the domestic prbduotion costs used in the first )
computation differ in many respects from those used in the second
ong a8 can be seen from the following two tables. “The production
costs shown'in these tables do not include the cost of the ray
material. 5o, the alloy costs shown here do not include the costs f‘
of the imported foreign ores or the upgraded domestilc ores; §
similarly the costs of the upgraded domestic ores do not include ’
thedr mining costs. This is taken cars of by the technical co-
efficients . of which more will be said later. On the other hand,
the operating costs shown here Include the costs of electric energy
used, though the latter are dealt with separately in the actual
computations. :

In general, it can be stated that the second sethf Pro-—
duction costs is less conservative than the first one, for more
than one reason as will become clear in the following. 5till,

“ these costs are not unrealistic at all, obtained as they are from
¥, experts who evaluated these processes. On the contrary, these
costs might very well prove to be still too high, once these
processes are operated on a large scale. In that. case, the first
set of cost data will appear to be much too high. 8till, the
general opinion in induétry seems to be in favor of the more con-

Servative figures. That is why they were used in the first compl~
tation.

As can be seen from the tables on the following pages,
“the two sets op ocperating costs differ from each other in two vays.

First, there is s difference_in,the level of these costs
n the sense that the second computation 1s, in general, based on
higher costs of producing the alloys, but on lower costs of up-
grading the domestic ores. As for the latter, this is reflected
in Joyen Operating as well as lower capital costs of the various
beneficiation Processes. The level of the mining costs is, how-
_IGVer, the same for hoth compubations.

Second, there 1s the dif'ference that the second set of
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Domestic Production Costs in 18t Computation

Descriptibn ) Unit year 1 —> year 6
Operating Costs
Ferro-manganese in blast furnaces X, $/NT of Mn. 96.35 —> 96.35
Ferro-manganese in electric furnaces x) mwowo 98.80 —> 98.80
Werro-manganese in Udy furnaces X, mHomon e g g7.h5 —> 107.45
silico-manganese in electric furnaces X e ot 457,90 ——> 157.10
silico-manganese in Wright furnaces X mwomoHo M 473,75 —> 173.75
a11ico-manganese in Udy furnaces Xg oM g0 g5 > 142.95
70% ore by Dean's process X5 oo 92.60 —> 92.60
70% slag by Sylvester-Dean process X5 oo 81.60 —> 81.60
39% conv. slag by Wright process X1, weae 96.70 —> 96.70
30% furnace slag by Udy process Xy momo 87.20 —> B7.20
10$ Manganese ore from Cuyuna wines X, . meowom 21.90 —> 21.90
104 Open Hearth slags fm. steel wills x,. ey
44 Hot-Metal for Wright plants X,g oo inc. in conv. slag
15% Mn. ore from Aroostook mines X1 e 30.35 —> 30.35
Capital Costs
Udy alloy furnaces Vs $/NT of Mn. 210.00 —> 210.00
Dean beneficiation plant Yio Mo 565,70 —> 265.70
Sylvester-Dean beneficlatilon plant Y15 meenow ot 391,50 —> 391.50
Wright beneficiation plant Ty How e 301,70 ——> 401,70
Udy beneficiation plant Y15 Moo 470,05 —> 170.25
Cuyune Manganese mines v, Moo ok 00 —> 24.00
Hot-Metal plants y::Z waoa ot 4pg. in Wright plant
Aroostook Manganese mines V19 meowow .75 —> 14,75

per year.
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Domestic Production Costs in 2nd Computation

the 6th y

pescription S Unit year 1 —> year 6
operating Gosts

| Ferro-manganese in blast furnaces XS $/N’I"of Mn. 105.40 —> 105.40
Ferro-manganese in electric furnaces x S 406,75 ——> 109.75
Ferro-manganese in Udy furnaces X5 e o 442,15 ——> 100.k0
silico-manganese in electric furnaces Xg WM M 468,05 —2> 168.05 ,
silico-menganese in Wright furnaces X, MW" 483,75 —> 176.15
gilico-manganese in. Udy furnaces Xg fHomenon 471,60 —> 153.60
704 ore by Dean's process X1p e 88.40 —=5  80.10
704 slag by Sylvester-Dean process Xy 5 oo 76.90 —>  69.k0
39% conv.slag by Wright's process Xy, meenonoow 96.70 ——> . 87.10
304 furnace slag by Udy process X5 Homomow 71.25 —> 6hk.05

- 10% Mn. ore from Cuyuna mines X6 SR 21.90 —> 19.70
10% Open-Hearth glag fm. steel mills X7 meeno —— S
4% Iot Motal for Wright -plants x,g "M " " dne. in conv. slag
15% Mn. ore from Aroostook mines X g o 30.95 —>  27.95
Capital Costs year 1 ——> year 5
Udy alloy furnaces | Y5 $/NT of Mn. 153.00 —> 1h1.00
Dean beneficiation plants Yo iRt 503,00 —> 203.00
Sylvester-Dean beneficiation plants Y13 I pgh00 —> 270.40
Wright beneficiation plants Ty UL 236 .65 —> 217.65
Udy beneficlation plants Y15 frewme o 188.50 —> 173.50
Cuyuna Manganese mines Y16 e 24.00 —> 22.00

| Hot Meta plants Yis temm " qne. in Wright plants

O0stook Manganese mines Yig o 1h.75 —> 13.55

If there is a difforence in the costs of the 1st and those of.
ear, . then 1t is equally spaced over the intervening years.

|
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costs, lnsofar as they refer to non-conventional processes, dgcrease
g1ightly over tlme. This reflects the technological progress which
can be expected to take plaoe if those processés would be operated
 on & commercail basls. This decrease in the operating costs has in
gawral‘been put at 2% per year, which corresponds more or less with

the overall increase in the industrial productiv1ty of the Unlted
states throughout the years. On the other hand, the costs of pro-
ducing the alloys along conventional lines have been kept constant
during all six years. '

As For the costs of stockpiling the ores, they consist of
the rent for the land upon which the high-grade ores will be stored °
mawell as the costs of handling these ores (if any). The total of
mwse costs have been estlmated to be approx1mately $1.00 per N.T.
'ofnm@ganese per year.

Tt should be remarked that all future costs of importation,
stockpiling and domestic production.(operating as well as capital
1 costs) are discounted at a rate of 5%‘ per year. Consequently there
'j-iﬁ no need for including the interest in the amounts invested in the
. stockpile in the costs of the stockplle.

Besides production costs also technical coefficients, de-
noted by e's in the model, have to be taken into account. Such a o
cosfficient 18 defined as the amount of manganese in the raw material !
that is necessary to produce 1 N.T. of manganese in the product.
‘The following teohnlcal coefficlents have been used for both compuba-
tions (the ¢! g in brackets are those of the model; compare also the
.diagra,m ) .

0
1= For the production of

75% ferro-manganese from
" 18¢% imported ores
in blast furnaces - (03) 1,111
in electric furnaces (c,) 1-111 |
304 furnace slag (cg) 1.176 .
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65% silico-manganese from

484 imported ores (cg) 1.111
39% converterslag (07) 1.143
* 30% furnace slag (08) 1.176

for the beneficiation of

10% Cuyuna ore into 70% ore | (012) 1.250
10% 0.H. slag into 70% slag (013) 1.250
4% Hot Metal into 394 slag (cqy) 1.200

15% Aroostook ore - into 304 slag (015) 1.053

for the production of 4% Hot Metal

from 40% Open-Hearth slag)

(019)

and h.é% Cuyuna IFerro ore) 1.124

These technical coeffilcients have been assumed to be the
ame for all slx years of the period under consideration.

o These technical coefficients have to be Interpreted in such
j vay, that, for instancse, 1.11 N.T. of manganese in the form of
1igh grade ore is needed to produce 1 N.T. of nmanganese as ferro-
anganese or that 1.25 N T. of manganese in the form of 10% 0O.H.
lag i1s needed to produce 1 N.T. of menganese in the form of high-
fade ore. Conseguently, 1.11 x 1.25 = 1.39 H.T. of manganese in

hé form of 0.H. slag 18 needed to produce 1 N.T. of manganese as
erro-manganese.

These technical coefficilents in combination with the pro-~
Hetion costs form the total cost of obtaining the manganese in the
orm of ferro- or sillco-mangansse. ILet us assume, for example, that
he 0.1. slags will be upgraded by the Sylvester-Dean process and then
©s8ed in blast furnsces into ferro-manganese (this is the simplest
8se}. TLet us further assume that the costs of preducing ferro-
9Nganese in blast furnaces is $96.35 per N.T. of manganese and the
03t of upgrading 0.H. slags by the Sylvester-Dean process is $81.60
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per N.T. of manganese; the cost of 1 N.T. of manganese in the 0.H.
slag will be put at $1.00 for the moment. Furthermore, let us
neglect the cost of constructing the Sylvester-Dean plant in which
this upgrading has to take place; this means that we assume that such
8 Sylvester—Déan plant already exists (this makes it really simple to

approximately. This then i1s the cost of obtaining 1 N.T. of man-
ganese as ferro-manganese from 0.H. slags 1f we assume that the Dro-~-
duction facilities already exist.

Whether such a production facility should or should not be
constructed and particularly what the capacity of such a facility

merely on a comparison of total operating costs but on the other
aspects of the problem as well. The entire problem, in all its com-
plexity, hasg to be considered in one sweep and 1t is exactly for the
purpose of finding a solution to such a complicated problem that the
technique of mathematical programuing has been developed.

THE RESULTS 7
The results can be grouped into three parts.

I'irst, the solution shows to which extent each activity has
to be carried out to meet the requirements at lowest cost. Second,
the solution shows what the total costs of the program are, divided
into payments for luportation, into costs of operating the domestic
Plants as well as of constructing them. Third, the solution tells us
also how much has to be added to these total costs if the require-
ments are somewhat increased as well as how much cén be subtracted
From them if the constraints are somewhat released. All these as-
Dects will be discussed one at a time; moreover, to enhance the ex-
Dosition all the results of the first computation will be given first
&nd thereafter those of the second one.

determine the costs). The total cost of producing 1 N.T. of manganese
in this way will then be $96.35 + 1.11 x $81.60 + 1.39 X $1.00 = $188.30°

should be 1n each of the six years under consideration does not depend

S R A BN T
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1) First computatlion
a) Activity lovels.

The solution indicates that the cheapest way of obtaining
the ferro-manganese, required or preferred to silico-manganese, is
py producing this alloy from high-grade ores in blast furnaces only.
In,partlcular nothing will be produced in thils case by the Udy
process, 1n contrast with the solution of the second compubation, as

‘will be seen later.

As for the silico-manganese, this too should be produced
from high-grade oves with the exception of a small guantlty to be
produced from "Hot Metal'. The latter corresponds with the inltial
capacity of the Wright plants assumed to be present at the beglnning
of the filrst year of the program.

he specification over the years (in 1000 N.T. of manganese )
is given in the following table:

Ferro-manganese 311ico-manganese
from high- from nigh- Trom
Total grade ores Total grade ores Hot-Metal

(Ag + py)d (x5) (vy) (xg) (x4)
18t year 765 765 85 8h. 1 .9
2nd year 810 810 90 89.1 .9
3rd year 830 830 95 9k . 1 .9
bth year 800 800 95 9k .1 .9
5th year 785 7185 90 89.1 .9
6th year 790 790 95 9% .1 .9

The way the necessary quantitles of high-grade ores, beyond
vhat ig already in the stockpile at the beginning of the first year,
should be obtained is indilcated in the table on the following page
(all guantities are in 1000 N.T. of manganese ) :




18t year
ond year
3rd year
kth year
5th year
6th year

18t year
end year
- 3rd year
 kth year

Domestic Production

Tmportation
Africa, Latin America  Total  Dean Sylvester-Dean
Total (X;q) . (%447 Xip) (x13)
234.7 30.9 203.8 h.5 h.s e —
ik, b 131.5 p82.9 L.5 h.5 ——
3715 105-5 266.0 361.0 4.8 356.2
349.3 93.1 256.2 621.9 265.7 *356.2
360.k 82.2 278.2 621.9 265.7 356.2
— —— ———— 621.9 265.7 356.2

of the following year, year 1 + 1
are no guantities imported in the 6th year in this model). This be-

comes clearer in the following table, it shows the position of the
stockpile at the beginning of each year, what is added to 1t as well
as what is taken from it during each year, and what the position 1is

‘at the end of cach year.

Tt should once more be mentioned that in this model the lmports

in a certain year 1 affect the position not of the same year but that
(that is also the reason why there

Changes in the Stockplle
(a1l gquantities in 1000 N.T. of manganese )

a) D) c) a) e) i) g h)
1950 ok3.h 850.0 93.k4 h.5  ——— hos 1011.1
1011.1 ~ 999.0  900.0 99.0 239.2 234.7 h.5 251.3
251.3 1026.7  9e2.2 104.5 775.%  B1k.h 361.0 ——.—

— 993 .4 888.9 104.5 993. 4 371.5 621.9 ———
—— 971 .2 872.2 99.0 9T7t1.2 349.3 621.9 ———
—_— 982.3 - 877.8 10k.5 982 .3 360.4 621.9 ——.—
a) Posltlon at the beginning of the year

b) Total of reguirements [1«13(X3 + xg )]

¢) Requlred for ferro production (1.1t - x3)

d)} Required for silico production (1.11 + xg)
e) Total of additions (Xio Ky f K ¥ ng)
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£) Added from importation in previous year (x10 + X11)
g) Added from domestic production in same yoar (%o + x13)
h) Position at end of the year.

As can be seen from thls table, there is at the beginning of
the 2nd year still enough manganese 1n the stockpile to cover the needs
of that year. Nevertheless the solution indicates that one should
already'start in the 2nd year to add ore to the stockpile rather than
first to use up all the ore that is in it. This is an lnteresting
feature since there 1s only a very small cost element (the carrying
charges ) associated with the ore that is in the gtockpile. In other
words, as far as the program is concerned, the ore in the stockpile
is almosﬁ costless. Still, the solution indicates that in order to

" kbep the costs for all six years of the period as low as possibie,

1t is better not to exhaust the stockplle already in the ond year. ——
The consequence of the latter would have been that in the later years
more foreign ore had to be imported or more domestic ore had to be
upgraded - The first alternative would have resulted in higher cost
per N.T. of manganese contained in the forelgn ores; the second
alternative would have made it necessary to increase the capaclty of
the domestic plants, whilech would have increased the construction
costs and consequently also the cost of depreciation for wnich the
program is charged. — Tt is clear that, without the program, it
would have been hard to guess correctly how much should be {mported
and producéd domestically in each year to keep the costs for the
whole period at a minimum.

b) Computed Costs.
Five groups of costs can be dlstinguished:

1) The amounts to be spent on importation are shown in the
table on the following page. These costs include the linear ag well
as the quadratic terms of the objectlve function that are related to
these import aetivities. The linear terms only amount to $158.2 mln;
the guadratic terms add asnother $63.8 min to this amount.




Tmport  Import Import
Total costs of  from from from
importation Indla Africa  Latin America
1st year $31.4 mln $ 4.2 wln $27.2 mln
end year |, $57.1 mln — $18.0 mln $39.1 mln
3pd year $£8.5 mln —_— $13.6 mln $3h.9 min
hth year - $ho.7 min —_— $11.3 min $31.4 mln
sth year $ho.3 mln e $ 9.3 wln $33.0 min
$222.0 mln ———— $56.4 min  $165.6 mln

5) The costs of mining and upgrading domestlc ores and slags

Mining and upgrading  Upgrading

Total costs of domestlc ores 0-H slags

Upgrading X1 * X6 X}3
ist year $ .5 min $ .5 mln $—.— mln
end year $ .5 mln $ .5 min $—.— mwln
3rd year $26.5 mln $ .5 min $26.0 mln
kth year $51.2 min $26.7 mln $2k.5 mln
5th year $48.2 mln $25.2 min $23.0 min
6th year $hs5.5 mln $23.8 mln $21.7 min
$172.4 min $77.2 min $95.2 min

These costs do not include the costs of bulilding the nec-
ssary capacities. In other words, these are only the costs.of

It hag also been shown that the quantities of upgraded ore’
roduced from the 2nd year (Sylvester-Dean process ) and the 3rd year
Dean process) Lo the sixth year are constant. Consequently, the de-
1@538 in annual cost in those years is, apart from a discount factor,
U& to the technological improvements agsumed to manifest themselves
hlthOSe years.
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3) The cost of processing the high-grade orcs and‘slags
jpto the alloys:

%) 'The costs of processing low grade ores and slags into
the alloys, i.e., the costs of the integrated processes. In thls case
the Wright process 1s the only one that 1s active and to the extent &as
permitted by the initial capacity (.9 ths. N.T. of manganese Dper year) -
The costs amount to $.2 mln in each of the six years.

5) The costs of bullding the capacities necessary to mine

and upgrade the Cuyuna ores as well as the ores needed to upgrade the

Open-Heerth glags. The program indicates that the Cuyuna mines and
the Dean plarts should be built in the third year, costing altogether
$20.0 wln, of which $2.0 min is for developing the mines and $18.0
wln for constructing the plants. On the other hand, the Sylvester-
| Dean plants for upgrading the 0-H slags should be constructed in the
second year, which would involve $50.6 mln.

The table shown on the following page shows the total costs
of the program by these five groups (all costs are in § mln).

These are the computed costs of the program; they do not in-

ti.ﬁlude the cost of the high-grade ores that were in the stockplle at
&f'ﬂm beginning of the first year. These oros will be used up in

Production of Production of
Total Costs of ferro-manganese- -  silico-manganese
Producing Alloys in blast furnaces in electric furnaces
From upgrading ores Xq Xe¢
—
st year $78.7 min $66.5 min $12.2 wln
nd year $80.1 mln $67.7 mln $12.% min
7l year $79.3 mln $66.8 min $12.5 win
hﬂlyear $7h.0 min $62.0 min $12.0 mln
- 5th year $69.5 min $58.6 min $10.9 wln
" th year $67.8 mln $56.8 min $11.0 mln
| $4h9. 0k min $378.4 min $71.0 mln

1
{!
i
i
1
!
;
i
%
;



a) b) c) d) e) ) g)

18t year 31.h 5  T8.7 .2 110.8 ‘ 110.8

ond year 571 5 80.1 .2 137-9 50.6 188.5

3rd year 48.6 26.5 9.3 .2 154.6  20.0 17h.6

hth year 4.6 5t.2 k.0 .2 168.0 168.0

‘sth year  h2.3 k8.2 69.5 .2 160.2 160.2

6th year —.— k5.5 67.8 .2 113.5 113.5
b i

220.0 172. Lo, 1.0 845.0 70.6 915.6
g) Tmporting forelgn Ores

b) Upgrading domestic ores

¢) Producing alloys from upgraded oOres

d) Producing alloys from low grade ores

e) Total Operating Costs '

f) Total Capital Costs

g) Operating and Capital Costs

carrying out the program; consequently something has o be added to
these compubed costs in order to arrive at the total cost.

The value to be atbtributed to this initial stockpile is

- pather arbitrary. One could argue that its value is very high, since
without 1t the alloys needed in the first year of the emergency could
not be produced. On the other hand, one of the results of this compu-
tation 1s, as will be shown later, the "shadow-price” of this stock-
piled ore, being +the decrease in the total cost of the program as a
regult of an additional N.T. of manganese 1in the stockpile at the
start. This shadow-price 1is in this case $143.06 per N.T. of
manganese and the mangancse in the stockpile used up 1in the program
has been evaluated at this price.

The total cost of the program is then the sum of:

Computed Costs $915.6 min
Cost of initial stockplle 1950 ths. X $143.06 = $279.0 win

et et bt

$1194.6 min



c)

chadow-prices. -

Besides the various activity levels and the costs involved
in them, the computation shows also by how much the total costs of
the program.would change 1f the requirements were slightly increased
or the constraints slightly relaxed. The changes in these costs are
indicated by what is commonly called "shadow-prices", by-products of
the computation.

In this case there are two types of shadow-prices, In-

dicating:
12 increaées in the total cost

resulting from higher alloy requirements.

These cost increases (in $/NT of manganese) are:
Production of Production of
ferro-manganese gilico-manganese  Difference

18t year 2k9.9 310.k 60.5
end yesar b6 h 304 .1 57.7
3rd year 2h 3.2 298, 1 5h.9
Lth year 230.4 282.7 52,3
5th year 218.1 267.9 49.8

.3 hr .k

6th year 205.9 253

It should here be mentloned that these costs are brought for-
ward to the beginning of the first vyear of the program. Thils explains
the downward trend in these costs.

08

decreases in the total cost

resulting from a relaxation of the constraints as a
consequence of an increase in the gquantitiles of
available power, of more high-grade ore in the initial
stockpile, of a higher starting capacity of the-
plants, etc.
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‘These cost decreases (in $/NT of manganese) are:

a) b) c) d) e) f) g h)
186 year _— —_— 19.1 —_—— —_— e 9. et
end year - ——.— 15.6 25.7 —.— 38.9 16.8 —_—
3rd year 8.7 19.7 8.8 2.6 k3.5 03,3 e e
kth year 8.% 18.0 26.3 2.5 39.2 20.5 — —_—
5th year 8.3 16.54 24,0 2.2 35.0 N17.7 —em  eemam
6th year 117.7 1%.8 21.8 1.8 30.8 14.8 —.— 18.6
13, 8h.5 1hs.7 9.1 187.% .93.1 9.8 18.6
a) 1 N.T. of manganese more in initial stockplle (38)
b) Higher starting capacity of Udy-alloy furnace K5
¢) Higher starting capacity of Dean upgrading plant K]2
d) Higher starting capacity of Cuyuna manganese mines K16
e) Higher starting capacity of Sylvester-Dean upgrading
plant K13
)} Higher starting capacity of Wright upgrading plant Ky
g) Higher starting capacity of Wright Hot Metal plant K18
h) Higher of steel mill slags R, '

alloys, stated under 19, to the extent that the latter refer to yearly

gquantity

These shadow-prices differ in character from those of the

changes in the requlrements while in this case the shadow-prices re-

fer to changes in the situation at the beginning of the program.

instance,

the costs of the program in the third year by $8.7,
in the fifth year by $8.3 and in the sixth year by
Consequently, the costs of the program, taken over all years,

year by
$117.7.

wlll decrease by $143.1

1 N.T. of manganese more in the stockpile would reduce

$8.4,

if there were 1

N.T.

in the fourth

of manganese more in

the stockpile at the begimning of the program than is here assumed.

‘The same holds for the initial capacities of some of the beneficiation

plants as well as for the alloy furnaces needed in the Udy process.
The shadow—prlce of the slags indicates that the total cost of the

For,
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program would decrease by $18.6 if 1 N.T. of manganese more would
become avallable 1n the form of slags than is here assumed. Thils, in
turn, means that all the slags assumed to become available will be
used up in this program. On the other hand, the absence of shadow-
prices for the manganese contained in the deposits means that not all
this manganese will be utilized in.this program. -

Comparing now the overall decreases in the costs, we see
that most will be gained by an increase of the initial capacity of the
Sylvester-Dean plants by 1 N.T. of manganese per year. This is
followed by an increase in the initial capacity of the Déan upgrading
plant combined with that of the Cuyuna wines. An increase of 1 N.T.
of manganese 1in the initlal stockplle comes apparently after that.

. This strongly suggedts that, under the given price-and cost functions,
it would be preferable to give the Sylvester-Dean plants some initial
capaclty and to increase the initial capacity of the Dean plants and
Cuyuna mines rather than to add more manganese to the initisl stock-
plle. This is certainly an interesting result.

It should, however, be remarked that these shadow-prices
indicate the effect of marginal increases in the capacities of these
plants and mines on the total costs of the program. However, they
do not indicate what the initial capacities of these plants should bhe
in order to obtain the absolute minimum of these costs. In order to
find that out, several other computations have to be made based on
various combinatlions of higher starting capacities of these plants;
or, still better, on various combinations of initial capacities and
initial stockpile. For this the reader is referred to the last part
. of this paper, where the results of this sort of computation, made on
- The basis of a stochastlc model, are described.

2) Second Computation

a) Activity levels

-that is required or preferred to silico-manganese is not the one by
which everything is obtained from high-grade ores. Contrary o the

In this case the cheapest way of obtaining the ferro-manganese
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result of the first computation, a continuously increasing part of
the ferro-manganese is obbained from low-grade ores by Udy's process.
Undoubtedly this is due to the fact that Udy's processing costs are
already in the first year assumed to be lower than those of the first
computationj moreover, 1t has been assumed here that these costs will
decrease over time.

As for the-silico~manganese, this again should be obtained
malnly from high-grade ores, though the quantity to be produced from
"Hot Metal" is in this case somewhat higher. This is due to the fact
that the initial capacity of the Wright plants has been assumed to be
a multiple of that of the first computation.

The specification over the years (in 1000 N.T. of manganese )

1s gilven in the following table:

Total from from Total from from

require-  high-grade Udy require-~  high-grade  Hot-
ments ores Sla, ments ores Metal

(A + 1) {x5) (x5 (v) (xg) (x.)

18t year 765 765 —_— 85 76.3 8.7
2nd year 810 T0h.2 105.8 90 81.3 8.7
3rd year 830 650.1 179.9 g5 86.3 8.7
hth year 800 539.4 260.6 95 86.3 8.7
5th year 785 sak.k 260.6 90 85.7 k.3
5 267.5 95 95.0 ——

6th year 790 500,

The necessary quantities of high-grade ores should be obtained

a8 shown in the table on the following page (all quantities in 1000
of manganese).

Here again it should be mentioned that the imports in year

N.7.

1

affect the position in year 1 + 1. In this case the importation shows

- 8 declining trend with a marked downward shift from the 3rd to the

htn year; this reflects sharply the‘increased proportion of total ro-

- Quirements to be met by Udy-slag. Another deviation from the solutio
Of the first computation 1s that the annual quantity of ore to be

n
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Igfaded by the Dean process does not exceed the initial capacity of

Added from domestic production in same year X, + X,
Position at end of year.

Tmportation Domestic Production
Létin ‘ Dylvester-
Total  Africa America - Total Dean  Dean
(x70) (xy9) X2 (x3)
1st year 280.1 35.5 ohk .6 h.s h.5 ——
ond year =~ 245.h 21.8 223.6 572.9 h.s 568.4
- 3rd year 122.3 —_— i22.3 572.9 h.5 568. k%
hth year = 105.0 —_— 105.0 572.9 h.s 568.4
5th year 113.3 —_— 113.3 572.9 k.5 568. 4
6th year ——.— — —_——  572.9 k.5 568.14
The position of the stockpile at the beginning of each yeaf
and the changes in it during the years are:
Changes in the Stockpile
(a1l guantities in 1000 N.T. of manganese )
a) b) c) d) e) ) g) h)
1st year 950.0 934.8 850.0 84.8 b, ——— k.5 19.
ond yoar ~ 19.7 872.7  182.% 90.3 853.0 280.1 572.9 —
3rd year ——.— 816.3 722.3 95.9 818.3 245.k 572.9  —
bth year ——.— 695.2  599.3 95.9 695.2 128.3 572.9 —
5th year ———.— 677.9 582.7 95,2 677.9 105.0 572.9  —
6th year -——.— 686.2 580.6 105.6  686.2 113.3 572.9 —
a) Positlon at beginning of year
b) Total of requirements 1.11 (x3 + X6)
c) Required for ferro-production 1t.11 X
d) Required for silico-production 1.11 Xg
e) Total of additions X, + X4y * Xqp + Xq3
f) Added from importation in previous year X, * X
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As for the capacities of the plants, the only two that show
increases are the Sylvester;Dean plants and the Udy plants. These in-
creases in the caepacities (in 1000 N.T. of wanganese per year) are
the following:

Sylvester-

Dean

plants Udy plants

producing producing  produclng

high-grade  ferro- furnace producing
| ore manganese  slag 15% ore
1st year 568.5 105.8 12k . ¥ 130.6
and year —_— T, 1 87.1 . 91.7
3rd year . ——.— 80.7 35.0 - 100.0
kth year —_— ——— — ——
5th year —_— 6.7 7.9 ° 8.4

There is here s marked difference in tempo of bullding these plants: the
Sylvester-Dean plants should be gilven their maximum capacity right away
in the first year, while the capacity of the Udy plants should be ex-
tended more gradually. More will be sald on this topic later on.

b} Compubed Costs
The five groups of costs are:

1) The amounts to be spent on importation in these years are:

Total Cost Tmport Tmport Twport from

of f'rom from Labtin America
Tmportation  Indila Africa
(x4) (%) (x4)

1at yeér $36.9 min —.— $4.9 min $32.0 mln
ond year $31.2 mln —.— $2.7 mln $28.5 mln
3rd year $12.6 mln —.— o $12.6 mln
hth year $ 9.2 mln —.— —— ~ $ 9.2 mln
5th year $ 9.1 mln —.— —_ $ 9.1 mln

'$99.0 mln @ ——.-— $7.6 min $91.4 mln
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Again, these amounts include the effect of the linear as well as the
quadratic terms of the objective function; the latter amount altogethe
to $26.9 mln. ‘

Comparing this with the corresponding results of the first
computation,'we see that there 1s in this case far less dependence on
importation than before. This is the case, despite the fact that the
initial stockpile contalns now only half as much manganese as before.
Conseguently, a much larger share of the requirements must be met out
of domestic production of manganese. This, in turn, 1s a consequernce
of the lower production costs of the domestic upgrading processes,
wihich has here been assumed.-

2) The cost of mining and upgrading domestic ores and slags
are:

‘ Mining and up-
Total cost of grading domestic  Upgrading

mining and ores 0-H slags
upgrading Xip * %48 X3

18t year $ 0.5 mln $0.5 mln $.— mln
2nd year $40.8 mln $0.5 min $40.3 mln
- 3rd year $37.8 mln $0.5 min $37.3 mln
Lth year $34.7 mln $0.5 mln $34.2 min
5th year $32.1 mln $0.5 mln $31.6 mln
6th year $29.9 mln $0.5 mln $09.4 mlin
$175.8 mln . $3.0 min $172.8 mln

Once'more the remark should be made that these amounts do not
include the costs of buliding the plants. In other words, these are
only the costs of operating both types of plants.

Comparing thils result with that of the first computation, we
see that in this case the annual production of the Dean plants does not
exceed its inltial capaclty. Apparently this process has been replaced
by one with lower costs, 1.e., the Udy process, as we will see later.
The higher productlon of the Sylvester-Dean plants is due to the fact
that a higher quantity of O-H slags has heen assumed Lo become available.
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3) The costs of processing high-grade ores into the alloys
are:
Total Costs Production of Production of
of produclng ferro-manganese. - sillico-manganese
alloys from in blast furnaces - in eleetric furnaces
upgrading ores X3 Xg
18t year $85.6 mlin | $73.7 mln $11.9 min
ond year $77.5 wln $65.3 win $12.2 mln
3rd year $70.4 wlin $58.0 min $12.4 win
Lth year $58.2 mwln $46.3 mln $11.9 min
5th year $54.6 mln $43.3 min $11.3 mln
6th year T $52.9 mln $41.0 mln ' $11.9 mln
$399.2 mln $327.6 mln $71.6 mwin

Tt should here be mentioned that only part of the ferro- and
silico- requirements are met by processging high-grade cres into alloys.

L) The costs of processing low-grade ores and slags into the
alloys are (in $ min):

Alloys from Alloys from

Aroostook ore "Hot-Metal"

a) b) c) d) e) ) g)
18t year 2.5 —— e 2.5 1.5 1.0
2nd year 21.6 19.3 10.5 8.8 2.3 1.h 0.9
3rd year 32.9 30,7  16.7 1.0 2,2 1.3 0.9
Lth year 43,5 k1.5 22.7 18.8 2,0 1.3 0.7
5th year 39.7 38.8  21.1 17.7 0.9 0.6 0.3
6th year 37.2 37.2  20.1 17.1 .. —i—m —em e
177,45 167.5 g1.1 76 . 1 9.9 6.1 3.8

) Total costs of producing alloys from low grade ores
) Total costs of Udy process '

) Costs of precducing alloys from furnace slag (X5)

) Coats of producing furnace slag from Arocostook

ore (x15 + ng)
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_g e) Total costs of Wright process

i : f) Cost of producing alloys from converter slag (X )

£l ‘ g} Costs of producing converter slag from Hbt—Metal
(XIh * X18)

Again it should here be remarked that these amounts do nok
include the cost of bullding the plants.

Comparing this result with that of the first computation,; we
see a marked difference. In this case, the Udy plants contribute
gubstantlally to meetlng the requirements for ferro-manganese. This
is due to the assumptlon that the technology of the Udy process will
be improved considerably in the near Ffubure resulting in lower costs
per unit of activity. In thls case, it replaces the Dean process
wvhich had a much more Important role in the first solution.

5) The cost of bullding the necessary capacities are:

Udy plant

Total of Sylvester-Dean  producing producing producing

construc~  plant producing ferro-man- furnace 15% ore

tion costs high-grade ores ganese slag

SF X K15 %19
ist year § 99.4k mln $79.6 wln $ 7-7wln $11.2 mln $0.9 mln
2nd year $ 10.3 wln $—.— wmin $ ».omln $ 5.8 mln $0.5 min
33rd year $ 7.9 wln $—.— mln $ 3.1 mln § h.h min $0.4 min
th year §$ —.— mln $—.— wln $—.— min $—.— mln &.— mln
th year $ 0.2 mln $—.— mln $ 0.1 wln $ 0.1 mln $—.— min
$117.8 mlin $79.6 mln $10.9 mln $21.5 mln $1.8 mln

A marked difference in tempo of constructing these two types
T plants appears from these figures:
Y1lvester-Dean plants 1s bullt in the very flrst year, while that of
he Udy plants is more gracually expanded over time.

the whole capacity of the
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All computed costs are summerized in the following table
(all amounts are in §$ mln):

a)  b) G) a) e) - f) g)
1at year 36.9 0.5 85.6 2.5 125.5 99.4 opk.9
2nd year 31.2 h0.8 77.5 21.6 171.1 10.3 181.k
3rd year 12.6  37.7 70.4  32.9 153.6 7-9 161.5
hth year 9.2 34,6 58.2 k3.5 1h5.5 —.~ 1L4s.5
5th year 9.1 32.0 sh.6 39.7 135.4% 0.2 135.6
6th year —.— 39.8 52,9 37.2 119.9  —.~ 119.9

99.0 175.4 399.2 177.L 851.0 117.8 968.8

a) Costs of lmporting forelgn ores

b) Costs of upgrading-domestic ores

¢) Costs of producing alloys from high-grade ores
d) Costs of producing alloys from low-grade ores
e) Total of operating costs

f) ‘Fotal of Capital Costs

g) Sum of Operating and Capital Costs.

As argued before, these computed costs have to be increased
with the "value" of the initial stockpile. Its "shadow-price” is in
thls case $135.50 per N.T. of manganese as will be shown later. Hence
the total costs of the program are:

computed costs ' $968.8 mln
value of 1Initial stockpile 950 ths X $135,5O = 128.7 mln
‘Total cost of the program $1097.5 mln

The results of both computations will be discussed in the

¢ ) Shadow~prices

1= 1increases in the cost
a3 a result of higher alloy requirecments:
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These costs {in $/N.T. of manganese ) ére;

: Production Production -

1. . of ferro- of silico- ‘

g manganese- manganese-  Difference
1st year 2bh7.0 306.6 59.6
2nd year 2h3.3 300.1 ' 56.8

= 3rd year 2e8.2 282.3 5k .1

x hth year 197.0 048.6 51.6

?; ' 5th year 180.5 229.6 49,1

A 6th year 167-3 210 .1 "h6.8

Comparing these shadow-prices with.those of" the flirst
computation, we see that up to the second year the prbdﬁCtion costs
of both alloys are about the same. However, from the third year on,
the second computation registers a much sharper drop in these'pro—

duction costs than the first one. This, agaln, is the influence of
the improvement of the technology in upgrading domestic ores that
has peen assumed in this case.

282 decreases of the costs
as a resulﬁ off a relaxation of the constraints.

These costs (in $/N.T. of manganese) are:

a) b)) ¢) a) e) £) g

) h)
18t year —.— —i— —.— ——~ 21.8 —.— 11.6 —.—
end year 10.4 18.4k 22.7 1.8 30.0 L7.6 19.0 —.—
3rd year 25.0 16.3 20.1 1.6 27.2 Le.7 174 ——
bth year 12.0 1h.h 8.5 1.k 9.4 922.9 3.6 —.—~
5th year 8.3 12.0 14.8 1.2 4.3 15.6 —.—~ —.—
6th year 79.8 11.7 13.6 1.0 1.7 11.1 —.— 13.5

4 139.9° 51.6 13.5

135.5 72.8 B89.7 7.0 09k,
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a) More ore in initial stockpile 8
b) Higher initial capacity of Udy alloy-furnace X
c) Higher initial capacity of Udy slag plants K15
d) Higher initial capacity of Arocostook mines K19
e) Higher initial capacity of Dean upgrading plant K12
) Higher inltial capacity of Sylvester-Dean up-

grading plant K13
g) Higher initial capacity of Wright Hot-Metal plant Kig
h) Higher quantity of steel mill slags .R17 .

5

The Sylvester-Dean plants have again a higher shadow-price
than the initlal stockpile. As before this indicates thalt it would
be preferable, under the given price- and cost-functions, io give
the Sylvester-Dean plants some initial capacity rather than to add
more manganese to the stockpille.

Some initial capacity of the Udy upgrading plants and
Aroostook mines would make it possible to upgrade the cres alresady
in the first year of the program, which would reduce the total costs
by $89.7 + $7.0 = $96.7 per N.T. of manganese required. Moreover,
if thls could be combined with giving the alloy furnaces some
starting capacity (or if we could assume that these furnaces had
already some capaclty at the start then the total costs of the
program would decrease stlll further. It 18 even concelvable that
they wight drop more than in the case of gome initial capacity of
" the Sylvester-Dean plants.

Moreover, there are shadow-prices for the electricity in
" the Aroostook region, amounting to $1.59 per 1000 KWE in the
“first and $1.87 per 1000 KWH in the second year. This indi-
cates that there will be a shortage of electriclty in that region
for the first two years. Thereafter, there 1s apparently enough
electricity avallable for the Udy plants since there. are no shadow-
Prices for electricity in the third and following years.

_ The minor role of the Dean plants in thils second computa-
tion is indicated by the lower shadow-price: $9h.4 against $145.7
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in the first computation. Still, its shadow-price in the second
computation is slightly below’ that of the Udy plant and Arocostook
mine combined. Thig indicates that increasing the initial capacity
of' the Dean plants 1s a good alternative too, even 1n the second
computation.

As for Wright's process, this too plays a minor role in
this second'computation as indicated by the lower shadow-price:
$93.1.+ 9.8 = $102.9 in the first and only $51.6. 1n the second
computatlon.

The shadow-price of the Open Hearth slags indicates that
there will be a shortage of this material also in this second compu-
tation. The other deposits will, however, still contain congiderable
quantities of manganese at the end of the six years considered here.

SUMMARY

The results of both compubations cannot be compared with-
out first paying some attention to the differences in the conditions
‘on which they are based.

As for the constraints, it should be remarked first of
~all that the alloy requirements that have to be met in both cases,
have been taken to be the same. But larger quantities of Open
Hearth slags have been assumed to become available in the second
| case,.containing 3585 - 1785 = 1800 ths. N.T. of mangzanese mors
. taken over all six years. Since this is a rather large quantity,
j,it.would not be correct to svaluate this at $18.6 per N.T. of
- manganese, the shadow-price of 0-H slags in the filrst computation,
- since gshadow-prices apply to marginal changes in the constraints
and not to an increase of the avallable quantity of manganese as 1s
congldered here. On the other hand, the shadow-price of 0-H slag
in the second computation turns out to be $13.5 per N.T. of
manganese. The average of both shadow-prices, being $16.— per
N.T. of manganese, has now been usged for the evaluation of this
difference in the available quantity of manganese in the 0-H slags.
In other words, the second computation had on this score an initial
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"penefit" of 1800 ths.- x $16.— = $28.8 win. Furthermors, there

1s also a difference in the initial capacity of the Wright plants of
9 ths. N.T. of manganese per year and in that of the Hot-Metal
plants of 10.8 ths. N.7T. of manganese per year. Since these are
rather. small differences, the shadow-price of theﬁe two inltial
capacities of the first computation have been applied to evaluate
these differences. They gave the second computation atiother initisl
"benefit" of 9 ths. x $93.1 + 10.8 ths. x $9.8 = $0.9 mln.
approximately. ¥inally, there wag a difference in the available
quantities of electric energy. However, electhric energy had no
shadow-price in the first computation,. in other words, there was

no shortage of electric energy in that case. Consequently, the
higher availlability of thils source of power does not matter in
comparing the results of both computations. The differences. in ‘the
constraints give therefore the second computation an initial benefit
of $28.8 + 0.9 = $29.7 mip. altogether.

Then there are differences in the costs of brocessing the
high-grade ores into alloys and the costs of upgrading and mining
the domestic ores. The following tables give a summary of these
costs (in $ per N.T. of manganese ):

Operatihg~Costs

18t comp. 2nd combutation

Processing ‘ .
Ferro in blast furnaces 96.35 105.0 — 105.L40
Ferro in electric furnaces 98.80 109.75 —> 109.75
Ferro in Udy furnaces 107.h5 112.15 —— 100.40
Silico 1n elsctrie furnaces 157.10 168.05 — 168,05
Silico in Wright furnaces 173.75  183.75 ——> 176.15
Silico in Udy furnaces _ 142,95 171.60 —> 153.60
Beneficiation )

Pean process 90.60 88.h0,——;> 80.10
Sylvester-Dean process 81.60 76.90 ——> 69.k0
Wright process 96.70 96.70 —> '87.10
Udy process 87.20 71.25 —> 6,05
Mining

Cuyuna ore 21.90 21.90 ——>  19.70

Aroostook ore 30.35 30.95 —> 27.95
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Capital Costs
18t comp. 2nd computation
Processing .
Ferro in blast furnaces
Ferro in elestric furnaces
& Ferro in Udy furnaces
a4 Silico in electric furnaces 210.00 153.00 —> 111.00
H Silico in Wright furnaces
 § S3ilico in Udy furnaces 383.00 264.50 —= 243,75
i Beneficiation |
Dean process 265.70 203.00 —> 203.00
Sylvester-Doan process 391.50 294,00 — 270.Lo
Wright process Lo1.70 236.65 —> 217.65
Udy process 170.25 188.50 —> 173.50"
Mining '
Cuyuna ore 2k .00 24,00 —> 22,00
Aroostook ore 1h.75 1h.75 —> 13.55
From these tables it appears that the costs used for the
second computation are in general higher for processing and lower for

beneficlation and mining. Tt should, however, once more be stressod
that these lower beneficiation and mining costs cannot be regarded as
belng unrealistic. They only reflect some improvement in the tech-
nology of'upgrading domestic ores, an lmprovement which can be ex-
pected to materialirze in lower costs once the processes are put in
actual operation. '

There 1s, however, no difference in the costs of dmporting
foreign ores; they have been assumed to be the same in both cases.

The cutcome of both computations'(in millions of deollars)
for all six years 1s summarized in the table on the following page.

The second program turns out to be $97.1 mln ‘cheaper, ﬂ
fdespite $61.2 mln higher costs of procesgsing high-grade ores into .
"alloys. In other words, the costs of obtalning the required guanti-

2ties of high-grade ores are $158.3 mln lower in the second compu-

‘tation (this 1s the difference between the totals of the value

f' the initial stockpile, the costs of lmporting foreign ores and



38

1st computation 2nd computation 4

- Total costs of the program 1194.6 1097-5-€
"Value" of initial stockpile 279.0 128.7 :

Costs of importation 222.0 501 . 99.— 227.7
- 653.6 869.8 |

Cost of mining and : 5
beneficiation A
Operating ' b
Dean process 77
Sylvester-Dean process 95.
Wright process . 0.
Udy process —_

o
-
Mo

3
172.9 76.

Capital | -
Dean process 20, :
Sylvester-Dean process 50.

79.6
Udy process —. '

70.6 243.5 23.3 102.9 358.5

| ono

Cost of alloy production 3

Operating i
- ferro in blast furnaces 378 L 327.6 2
ferro by Udy process — 91.1
sllico in electriec furnaces 73 71.6
sillco by Wright process 0. 7 h50.1 6.1 496.4
Capital ‘ !
ferro by Udy process = ——.—  450.1 _1k.9 14.9 511.3 |

4

the costs of mining plus upgrading domestic ores in both computations. )
True, the second computation had an initial "benefit" of $29.7 mln

on account of a more llberal set of constraints as shown before. Con-
sequently, the costs of obtaining the required guantities of high-
grade ores are actually $128.6 mln lower in the second computation.

Furthermore, 1t appears from the last table that $501.—
minus $227.7 = $273.3 mln less is spent on foreign ores (under the
agsumption that the initial stockpile consists of foreign ores only).
Of the latter amount $97.1 mln is saved and $176.2 mln more is
spent in the Unlted States 1tself. All this illustrates clearly what
the consequences are of a slight improvement in the technology of Y
upgrading domestic ores. :ﬁ
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As for the individual process; there ssems to be a strong
preference for the Sylvester-Dean brocess in both programs. As s
watter of fact, the shadow-prices Indicate that, in both cases, the
total costs would decrease more by adopting this process than by in~
Creasing the inttial stockpilal " Moreover, the first program prefers
also the Dean process to an Increase in the Stockpile, while the
Second program is more In favor of the Udy process (particularly ir

itial stockpile to enable the production of the Quantities of
alloys that are needed in the fipst year. All this seems to lead
to the conclusion that 1t 1s good to bractice restraint in adding
foreign ore to the stockpile 1f one is faced with s rapldly de-

veloping technology of upgrading domestic ores.

_ 1t must, however, e borne in mind that much depends on
the starting conditions in computations of the type as described
here. Tor instance, if we could have agsumed that some of the
domestic beneficiation Dlants hag alresady a sizeable capaclty alt the
start of the brogram, then the solution would probably have been
qulte different. This becomes clear if we see that in the solution
of both computations the Wright Dlant is, in almost g17 years,




A STOCHASTTC MANGANESE MODET,

strategic materlal such as manganese, is that of the complexity and
Interactions of importation, domestic production, Stockpiling, and
emérgency avellabllities. The concepts and techniques or linear and
duadratic programming, as illustrated in the preceding section, handle
these difficulties quite well.

ditions. For this reason, another model, addressed to thege unbertain~
tles, rather than the complexities of the manganese 8ystem, has been
constructed., This model emphasizes the dynamics or the acquisition

emphasis is achieved at the expense of the "flne structupe" of the
preoeding model. No comparisons of domestic Processes are made in it;
Instead, the gross relations of domestic production, importation,
stockplling, and Smergency evailabilities are studied under conditions
of future uncertaintiss. Fop this réason, this modsel considers only
manganese up to high-grade ore — hot in the form of alloys.

Conceptually, the problem of uncertainty is handleqd by
"embedding" g decision maker in the manganese problem. Our problem

ditions, the current decisions for Operating the manganese system
(for the next year, say). A roliey, thus, takes Information into
ccount as 1t becomes avallable.

ho
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For example, the adoption of g "f1vé year plan", based on
one's best estimate of the next flve years (but, in year four, using
the plan based on the estimates of conditions made four years
previously, etc.) is g decision. A set of rules for constructing
"one year plans”, each based op all information available up to their
adoption is a policy. On the surface, 1t wight appear that a "five
year plan” could be constructed with wore long range objectives in
wind than the rules for constructing "one year plans" might allow.
This is not the case at all; long range objectives can be bullt into
policies as well (in fact, better than) plans.

It is possible, then, to pit policies agsinst uncertain-
ties of the future, where it 1s not possible to so test decisions.
‘This is the objective of this section: to déscribe a wodel for
testing the performance of policies under uncertalinty.

THE MODFI,

A year's operation (say for year t) of the entire
manganese gystem will be Summarized into three kinds of information:

Internal State — s Pair of numbers
5.t the amount of manganese stockpiled
at the beginning of year §
Cyt the (year%y) capacity of domestic
manganese production facilities at
the beginning or year §

External State — g pair of numbers
Dt: Industry demands for manganese
during year +
A the amoﬁnt of manganese available
through importation during year t

Activities — g triple of numbers

Lyt the amount of manganese imported
during year t
the smount of manganese produced
domestically during year ¢

Pt:
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Bi: the amount or additional domestic
production capacity built during
year t.

We take these nmbers, given for each year, as s description of the
System in ocperation. '

The problem of decision can be described this vay: At the
beginning of year 1959, we know the Internal State of stockpile and
domestic production facilities — 859, 059, WO can make s good esti-
mate of the External State of manganese requirement and foreign
availabilities — 159, A59, and we must make yearly Activicy
g decisions on lmportation, domestie production, and facility ex-

' f%' pansions — I, P59 Bsge During the year 1959, operations con-

| tinue (as do political fortunes), and year 1960 beglns with a new
S60+ Cgo (which can be calculated, in general, as Sgo = 859 + 159 +
P59 - D59, Cep = 059 + B59, etc. ), and new estimates of D6O{ Ag s
with new decisions I6o’ P6o’ BGO to be wade, and so on, year after
year. :

cortainty — that political conditions change (or endure ) with

- various probsbilities, For illustrative burposes, five distinct

. political conditions, governihg manganese demands and availabilities,
- have been Selected, belng, briefly:

Industry Importation
requirements limits
p - peace 800, 000 NT none
¢ - cold war, no blockade 1,000,000 NT none
cb - cold war, minor blockade 1,000,000 NT . 1,000,000 NT
hb - hot war, minor blockade 1,200,000 NT 1,000,000 N
hB - hot war, major blockade 1,200,000 NT 600,000 NT

iven that the political situation in year +, 1ig any one of these,
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We Suppose that definite probabilities are known concerning the

situations to be in year t + 1. We take, for illustration, the
following probabilities:

If' the political

gituatlion is: in the following year, the probabilities are:
o) G ch hb 1B
1Y <7 .2 -1 0 0
c .1 .6 .2 1 0
cb o 1 .2 b4 1 .2
hb A 0 0 b .2
hB .5 ¢ 0 2 3

A" a check on their plausibility, if these probabilities were in

effect over a long period of time, we would expect the following freQ
duencies for political conditions:

p:  39%
c: 289
chb: 16%
hb: 104 -
hB 7%

enviromment. As the probabilities in the p column are Increased
and the hb, hB columns decreased, the forecast becomes more

"optimistic" and conversely, more "pessimistic! forecasts can also
be made.

Summarizing, then, our model has the following specifica~
tions (beginning with 1959, say):

859, 059 are determined from the past operation
D59, A59 are determined by the political situation
159, P59, B59 are selected by a policy
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860’ Céo aro determined from the past operation
Dggs BAgy &re determined by the politilcal situation
160’ P60’ B6o are-selected—by-a«poligy.

etc. In this way, any given policy will generate (tried ovef and over)
& set of future histories of the operation. Costs and emergency
avallabilities of these histories can be computed and the policy
judged accordingly.

In order to assess the performance of policies we need to
speclfy costs of importation, of domestic productlon, of domestic
plant buildup, of shortage, etc. With guch constants inserted into
the model we are in a position to find policies, under various con-
ditlons of uncertainty, which wminimize the total cxpected coat (of
operation and shortages) of the system over a gilven period of time.
These costs are, by and large, aggregates of the costs of the Dre—
vious model; (The Dean process has been used for domestic production
costs); these costs are not the lowest estimated but are generally
considered the moit reliable estimates of a domestic process which
are available. The model and its costs will be derived in the final
report, of course, and discussed in more detail.

ANATYSTS OF THR MODEL

Fortunately, 1t is possible, through mathematical analy-
8lg, to discover a policy which minimizes costs directly, accounting
for the long run effects of the uncertainties one has chosen for the

-model without trying various ones out. A technique for dolng this is
called "dynamic programming"; for practical computation, the tech-
nique relies heavily on the modern high speed internally programmed
-electronic cecmputer.

This model has been analyzed by means of a special computser
ode written by Mr. Stuart Dreyfus, of the Mathematics Department
T Princeton University, in the Maniac computer belonging to the
niversity. We have been most fortunate in acqguiring the service
f Mr. Dreyfus, who has had unigue and unusual experience with the
oding of thls technique as a staff member of the RAND Corporation,

\
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and iIn the cooperation of the University in obtaining the Serviéas
of the Manlac.

The mathematicsal technique of dynamic brogramming builds
up Intrinsic veluations for each possible condition the manganese
system may find itself in. This valuation is taken to be the
following:

Given a political sltuation (and its induced Fx-
ternal State) and an Internal State for the
manganese system, that compogite condition is
assigned the minimum possible costs (including
those of operating, capital investment, and
shortages) vhich would accrue over bhe next ten
years, averaged over the uncertainties of the
forecast of the political environment.

This valuation system, when 1t is built up, provides the raw
material for building policies which achieve these minimum costs in
the operation of the manganese system. For this model and the politi-
cal forecast given above the valuations have been computed, and an
11lustrative, though incomplete, sampling of them 1is described below.
The figures are in millions of dollars, reguired to Support the
menganese system for ten years, averaged over the political uncertain-
tles. A "year's stockpile", "504 domestic facilities", etc. refers
to peace time requirements (a year's peace Time requirements in stock-
piles, 50% of a year's beace time requirements in domestic facilities,
etc.). The conditions in which the manganese system may find itself
have three dimensions — the political s8ltuation, the stockpile,

&nd the domestic facilities. It should heve be remarked that thess
tosts are only those of'acquiring the high-grade ores, not the
élloys; 80, they are not directly comparsble with those of the

econometric model.
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Political % Domestic years of stockpile

Situation - Capacity

0 1 o 3
0 900 805 715 630
o) 50 780 700 624 560

- 100 7ho 695 680 685
0 ‘ 1000 895 795 710
c 50 870 775 690 580

100 | 800 730 £95 685

0 1070 925 810 715

ch 50 - 010 790 680 615

100 815 735 695 685

0 1130 965 850 735
hb 50 975 - 830 715 620

100 855 750 695 685
0 1355 1000 835 120
i hB 50 1050 830 705 610
1%; © 100 875 7ho 695 685

Notice that these valuations relate the political situation
to the value of domestic capacity and stockpiles. With political -
situation ¢ (cold war, no blockade ) and no domestic capacity the
value of the filrst year of stockplle 18 1070 - 925 = ths. T.e.,
the first year of Stockpile reduces the ten year ccats of ths
(million dollars). wimllarly the value of the Second year of stock-
plle 18 925 - 810 = 115. TIn contrast, in political situstion hB,
wlth no domestic capacity, the value of the first year of stockpile
1s 1355 - 1000 = 355 — more than twice the valus &bove, showing
the effect of an smergency. Similarly the value of domestic capacity
changes under changing political situations and stockpile conditions.

As a rule of thumb, in the table above, it costs (as
opposed to its value) about 120 %o move down & voy (to increass
domestic capacity by 504) and costs about 120 (depending, to
Some extent, on the domestic capaclty available)} to move a column to
the right (to increase stockpile by a year). These rules of thumb
give indications, for each politlcal situation where in the table it
ls profitable to be: if one can trade more value for less cost it




would be profitable to do so. For example,‘iﬁ;ié‘worth having the
first year's stockpile in political situation 6 with no domestic
capacity, since the value differential 1070 - 9035 145 ig greater
than the cost differential 120. By debiting each Inbernal state
wlth these differential costs, we obtain a new "TU1é'of‘thwﬁb“
table of directly comparable "adjusted costs': (adding to each
entry, 120 for each year of stockpile and 120 for each 504

of domestic capacity).” '

Political % Domestic
Situstion Capacity years of -stockpile
O 1 _ 2 3
: 0 900 925 955 9%0
o 50 900 9ko 985 1040
100 980 1055 1160 1285
: o) 1000 1015 1035 1070
C 50 990 1015 1050 1060
100 1040 1090 1175 1285
0 1070 10ks 1050 1055
cb 50 1030 1030 1040 1095
100 1055 1095 1175 1285
o 1130 1085 1090 1095
hb 50 1095 1070 1075 1100
100 1095 1110 1175 1285
0 1355 1120 1075 1080
hB 50 1170 1070 1065 1090
100 1115 1100 1175 1285

With this valuation system, the problem of decision making
under uncertainty is reduced to the following:

1) The decision maker finds the manganese system in
one of the conditions indicated by the chart
in a given political situation, with a.given
domestic capacity, and a glven stockpile.

2) Depending on the political situation, the
decislon maker has some degree of choice in




moving from the Internal State. (8 position
vithin the subtables) to another Trpsyig
State- at the-beginning of the-folloving year.

3) Depending on the politicel Situatibn, the new
political situation emerges (by chance in our
model — at least partly by design from othep
viewpoints) and determines a new condition of
the mangariese system.

Example: Suppose we ars at:

political gituation cb
no domestic capacity . 1040 in last chart
2 years stockplle

and that an allowable strategy is to use up a year of the stockplle
(an increase the domestic capacity to 50%4). Then, referring back to
the probability table by which probablility situation e¢b 1is trans-
formed into next year's sltuation, we see that we shall be at:

1 year stockpile
50% domestic capacity

and
Political with ad justed-
Situation _Probability cost
p 1 oko
c .2 1615
ch h 1030
hb 1 1070
hB .2 1070

with a long run average ad justed cost of

(+1)9%0 + .2(1015) + .4({1030) + .1(1070) + .2(1070) = 1030.
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Wo then assoclate the value 1030 with that decision — and, -compute,
for each possible decision, & similar assoclated value, picking the
decision which giﬁes s lowest value. Repeating thls entire analysis
for each possible condltion in which the manganese situatlon may be
found, we build up, then a policy which at each point in time selects
a decision to minimize the long run average of the adjusted costs.

Tt should be remarked that the above i1lustrative analysls
1s ono of "rule of thumb". We must define costs of proceeding from:
one Internal State o another more accurately, and provide for many
more possible conditions (1 1/2 years stockpile, o594 domestic
capacity, etc.) for a more reasonable representation of the situa-
tion. But the idea is precisely that of the rule of thumb anslysis,
above, carried ouﬁ in wore debail.

RESULTS

It must be borne in mind that these results are more
11lustrative of what kinds of information can be obtained by the
analysis methods developed here than of actual advice in the problem
of manganese. The tables above are only a sample of the information
generated by the computer runs. And these runs are based on
assumptions which require further substantiation.

In order to illustrate the kind of information the analy-
sis provides, we use the tables above to demonstrate the character
of an optimal policy for the stochastic manganese model. Ag indi-
cated above, in any gilven situation, an optlmal decision can be
found; the employment of optimal decisions over a period of time
will result in tendenciles for the system to locate 1tself 1n certalin
general positions. .Thus, each political state, under an optimal '
policy will tend to produce a certain Internal State. By carrying
out the required analyses,;we find these states to be:.
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Internal State

Political tends to Domestic Year's
Situation produce Capaclty Stockpile
D 50% 0
¢ 50% 0
cb : 50% 1
hb 50% 1
hB 50% 1

With finer distinctions in the valuating system we would find greater
variability in these Internal States. (As it is, we only have &
choice of 0, 50, ©Opr 100% Domestic Capacity — in D, say, 50%
may be better then 0 or 100% but not better than 2594 — finer
distinctions will bring out these points.) Actually in the full
fledged analysils, both Domestlc Capaclty and Year's Stockpile will
tend to increase ags the political situation gets graver.

Tt remains to explore the sensitlvity of these results on
. the specific data used in the model. Two phenomena stand out in
such an analysis:

1) the differences, in the adjusted costs tabls,
between low stockpiles and high stockpiles are
not at all large even with 50% domestic
capaclty present, and the differential between
importation costs and domestic costs will have
to be correspondingly greater to indlcate
really strong effects.

o) the relative value of stockpiling is highly de-
pendent on domestic capacity: roughly, they are
competing devices — if one 1s employed, the

other loses value rapldly, and the indicated
policy chooses domestic capacity over stock-
piling as its primary device for handling tho
problem of emergency-
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Point 1) suggests that

a relatively small stockpile ig
Indicated with its actual size no

Lt too sensitive. 'FrOm this 13

elopments in manganese may be mich
more crucial than the economic problem.




APPENDIX

Mathematical Formulation of the Manganese Problem
(Case of Fixed Political Forecast)

The. objective is, as stated before, to provide the iron and
steel industry with required amounts of manganese alloys at minimum
cost by g combination of importing ores, stockpiling ores and pro-
ducing high grade ores domestioally.

A distinction has been made between the part A of the
nanganese requirements that has to be Supplied in the form of’ ferro-
nanganese, the part i for which both alloys can be used and the
part v for which Silioo-manganese 1s preferred to a combination of
ferro-manganese ang ferro-silicon. '

by Qi’ we have the equality:

Qi = Ay o+ By + vy for i =1, o, N
The parameters Ay uoand v can be found at the top of the
dilagram in the text. ' :

Looking at that diagram, we can state that, in order to
meet the requirements for>ferro-manganese, it 1is necessary that

X3}i + Xu’i + XB,i > Ay o xqg,i for 1 =1, 2, .., 6
where X4+ 8tands for the amounts of ferro-manganese that will pe
used for that part of the manganese requirements for which ferro-

as well ag silico-manganese can be used; X3, X, and X5  stand-for
the amount of ferro-manganese to be produced in blast furnaces, in
electric furnaces and in "Udy"-furnaces.

Similarly, in order to meet the requirements for silico-
manganese, it is hecessary that

b4
N
+
b4
+
b
N
v
54
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where Xg» Xq and Xg stand for the quantities of silico-manganese
that can- be-obtained by one-of -the various sllico-manganese processes.

Moreover, we have the equality
Xo,g T X1 5y for 1=1,2, ..., 6.

BElimination of the x
set of inegualities:

11,3 Vvarlables leads to the following
2

(1) Xpe,g Xyt X 4 o+ X

5;1'—' i .
for 1 =1, 2, , 6
(2) = xpy g ¥ Xg g v xy g *8,12 %
for 1 =1,2, ..., 6
(3) Xg')ii I‘Li for i = 'E) 2) o e ay 6.

To produce the required quantities of ferro- and silico-
manganese 1n the normal way, s sufficient Quantity of ore with a
certain minilmum content of manganese has to be available. Thig high-
grade ore can be obtained from the stockplle, from importing forelgn
~ores and from up-grading domestic ores and slags by the Dean and the
Sylvester-Dean ];)J?ocesso‘I For conceptual reasons we make now the hy-
pothesis that all high-grade ores that will be Imported or produced
domestically g0 into the stockpile and all ore that is needed for the
production of these alloys is taken out of the stockpile.

Now the statement can be made that 50 much ore must be
stockpliled at any time ag is necessary to meet the requirements up to
that time; of course more ore of this type might be stockpiled at

' The other two. processes produce as a first step slags with a lower
manganese content than required for the production of the alloys along
conventional lines: these slags have to be brocessed 1n a special way
and are therefore left out of the discussion for the moment.
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this time. This 18 oxpressed as follows:

i i i

g 21 X3 3 + 0y th’j + Cg 21 X6,j < Si for every 1 = 1, 2, «-+s 6.
3: . 3-::. J:

The coefficlents C5s Cy and  Gg- stand for the amounts of manganese
in the ores sufficient to produce 1 N (et) T(on) of Menganese in

the form of alloys; in other words, they are technical ratios. The
meaning of the last expression is now to guarantee that there is
sufficlent high-grade ore stockpiled at the beginning of every year

i as is required for the production of the alloys from the very filrst
year up to the end of year 1.

The quantity of ore that 1s atockpiled up to the beginning
of year 1 is now by definition equal to what there was in the
stockpile at the heginning of year 1 plus what has been imported or
produced domestically in the previous years. This is the consequence
of the hypothesiyg that all imported and domestically produced ore
goes into the stockpile. Stated more exactly:

1-1 i-1 i-3 i-1

By = 5y * E: Xg, 3 + }j X0, * E: X19,5 * E: Xip,5 *
J=1 J=1 J=1 J=1
1-1

+ for i = 1,2,..+56"

X135
J=1

Combining the last two expressions gives us the fourth in-

equality of our system:

i 1 i _ i-1 i-1
| j=1 =1 =1 J=1 =t

i-1 1-1

i1
B Z 1,0 7 2 Xip,3 7 Z X13,jSSj_ for 1= 1,2,...,6.
1=1 j=1 $=1
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It should be remarked that in the actual computations the
j~index of the last two sigma signs was permitted to run from 1 to
1 4instead of 1 - 1. This means that the quantities of high- ~grade
ores produced in year 1 by the Dean and Sylvester-Dean processes
were also used to meet the requirements of year i. TFor one can
always manage to produce these quantities, while in the case of im-
portation'one cannot always be sure that the foreign ores will come
into the countfy.

Ferro-manganese can be produced in blast furnaces, using
coal as source of energy as well as in electric furnaces. "Bilico-
manganese can be produced in electrical furnaces onlyl So, it is
quite conceivable that the amount of clectric energy that will be
needed to produce these alloys will exceed whabt 1s available for it
in an emergency. To make sure that this required amount of electric
energy will always be within bounds, the following two lnequalities
have been included in the model:

(5) (65 + &g 05)X5}i + (98 * ey 08)X8 i < E 1,1

fOI’ j... = j) 2, LRI '6
(6) eyxy 4 * ©6%g,1 * OX7,1 < By o
for i = 1, 2, ..., 6.

The coefficlents €y 5, 8¢ €y and eg stand here for quantities
of electric energy needed for the production of the alloys in the

various ways.

The reason for including two rather than one lnequalilty in
this model is that the location of the Udy plants does not allow theuw
to draw on Lhe existing sources of electric energy- On the contrary,
these plants will have to obtain the necessary quantity of electric
energy from power plants 1n thelir neighborhood which are now under

construction.

So far, we ignored the fact that in many Instances the
plants and mines necessary to carry out this program do not exist as
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vet. Hence, the model must provide for the construction of these
facilities -to the extent as they will be needed in the successive
years.

It can be assumed that the necessary alloy plants exist
except for those needed in thé Udy process. Yo provide for the latter,
electric furnaces have to be constructed in which the ferro- as well
&s the sililco-manganese can be produced. This is expressed by the
following formulae:

x +fGX8,i"‘<"K5,i fOI‘ i‘:" 1).2; ey 6o

5,1

In this case the coefficient £, stands for the ratio be-
tween the period of tlme needed to produce 1 N.T. of manganese in
the form of silico-mangancse and that needed to produce it in the
form of ferro-manganese; this ratio is approximately 1.7.

K5,i’ the capacity of the furnaces at the beginning of
any year 1, is by definition equal to the capaclty at the start
K5)1 (which is zero in this case) plus what is added to 1t in the
previous years, which additions will be denoted by the symbol Vs, 1

The exact formulation for thls is:

11
Ks,p = 5,0 7 Z Vs, ]
i=8s

g5 stands here for the gestation period, i.e., the time that is
‘needed to give the plant its initial capacity. I1f one atarts with
‘constructing the plant in the second year, for instance, and the
gestation period is one jear, then it is clear that one cannot ex-
pect the plant. to produce prlor to the third year.

Combining the last two expressions glves us the 7th in-
equality of our system:
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11
(1) x5 4 + T¥g,1 - Z T5,5S K5,
_ &

for 1 =1, 2, «..y 6 .

Having considered the alloy plants, we now turn to the
beneficiation plants, that have to be bullt to enable the up-
grading of the domestic ores and slags. They lead to expressions

gimilar to the last one:

i-1

(8) x5 4 - ;z V2,3 Bip,q
| 17812
(Dean' s process) 1 =1, 2, ..., 6
7 1-1
(9) X‘iB,i"'Z V13,5 S Kis,1
3=g1ﬁ
(Sylvester-Dean process) 1 =1, 2,
I-1
(10) CTXT,i_Z Yo, 3 S B,
J:gTH -
(Wright's process) 1 =1, 2, ..., 6
1-1
(11) esXs,4 * %8%8,1 ~ Z V15,5 £ K5,
17815

(Udy's process) 1 =1, 2, ..., 6.

In addition, the mines have to be developed and the
facilibies for producing the "Hot Metal" that is needed in the Wright
process have to be created. But the "Open Hearth' slags are auto-
maticelly produced by the steel mills and no facilities are needed
there. IHence, there are only three expressions in this case, namely:
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1-1
(12) c9p%9p,1 - Z Y16,5 < %6, 1
I7816 .
(Cuyuna mines) i =-1, 2, ..., 6
1-1
(13) ey ™ OpFq,1 - Z V18,3 S B8,
J:g}g '
(Hot Metal plant) i =1, 2, ..., 6
i-1
{14) Cys * Cs¥5 1 * Ci5 * CgXg 4 " ;Z Y19, i < K19£1
J=g-|9

(Arcostook mines) i =1, 2, ..., 6.

Finally, we had to take Into account that no more ores can

be extracted from the deposits than is contained in them and that no
more slag will be used than is actually available. This is expressed
in the following inequalities:

1
(15) 012 Z X‘te.‘j"‘(‘ R1691
J=1 _
(Cuyune Mn. ore) 1 =1, 2, ..., 6

i 1

1

1" ¢

(16) cy3 Z X13,5 1 % ), F1, 0S5 Bt
j:—:.'l j.—_"l

(0.H. slags) i=1, 2, -..; 6.

(17) C"?‘! Z XT:j'<"318;1
3=

~(Cuyuna Fe ore) 1=1,2, «ony 6
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*

_ : 1 1
8 . . . .
(18) Cy5 _35 }; X 5+ Cq5 cg Z; xg 5 < Ryo, 1
: J= J=

(Aroostook ore) 1 =1, 2, ..., 6.

The coefficlents c$ and c%", used here, are compound‘
" ratios. ' -

The model presented so far contains in general per time
period 18 1nequalitles, involving. 12 activity- end 8 capaclty-
variables, so 20 variables altogether. Some of these inesqualities

" and varlables drop out in the first period because the capacitles
hecessary to produce do not exist yet. And in the sixth and last
period thers will be no increases in the capacities‘since these would
only effect the production tn the seventh period which is not to be
provided for by the model. The same holds for the 3 Ilmport ac-
tivities in the sixth year; they too would not effect the solutlon
for the 6 periods considered here.

The exact number of inegualities and variables for the six
periods here considered are: '

Variables
Inegualities Activity Capacity Total
18t period 12 9 8 17
2nd periocd 18 12 8 20
3rd period 18 12 8 20
kth period 18 12 8 20
5th period 18 _ 12 8 20
6th period 18 9 S 9
Total 102 66 40 106

With each of these 106 variables is aszsocliated a cost;
together they form the total cost of the program. In general, it can
- pe assumed that the cost per unit of activity is constant. The cost
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of such an actlvity is then a 11near function of that activity. And
the total expenditure of the program is then the sum of the costs of
all activities. Stated more exactly:

6 1° 5 8
- Z Z x,i%k,1 * Z Z o, 1%, 1
{=1 k=1 {=1 x=1

The right-hand expression, as it stands, is a shorthand‘for
6% 12 = 72 activity and 5 x 8 = Lo capaclty varisbles. THowever,
3 activity variables in the first perlod drop out because the nec-
essayy capaclty does not yet exist and another 3 activity variables
"~ in the last period. viz., the import activities drop out too. Hence,
there are in tobtal 72 -~ 6 + 40 = 106 linear terms altogether.

Tn the case of the foreign ores, however, it may not be
assumed that the cost per unit of activity, i.e., the export price,
ig a constant. Experience in the past has shown that the export
price of Indlan ore, for instance, does depend on the quantity
bought by the United States from India as was to be expected. And
wvhat is more, it must be assumed that this price depends also on the
guantities bought by the United States from the other two areas, i.e.,
South and West Africa as well as Labin America. This is a mere re-
flection of the dominant position of the United States as a buyer
of this ore on the market of each area as well as on the market of
all areas together. In addition to this, it must be assumed that
the export price of Indian ore in year 1 will depend not only on
the quantltles bought by the United States from all three areas in
year i, Dbut also on those bought in the previous year (1 - 1).

Dsnoting the export price of Indlan ore in year 1 by
Pg, 1’ this can be expressed as follows:
2

Pg,1 = Bg,1%9,1 + Bg,1-1%9,1-1 ~ Pro,4%10,1 ~ Pro,1-1%10,1-1

- B . WX . + o

- By, 1%, 11,3-1%11,4-1 9,1
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where a's and B's are constants. There are similar price func=
tions for the other two export prices. Together, they can be formu-
lated as Tollows:

11
Z P 1%, 1+ P, 19%,0-1) * %1

for 1 =1, 2, ..., 6
k= 910 and 11, £ = 9,10 and 11, P,y ond P, 1.1 &re
positive for k = £ and negative for Xk # ¢

Now, these prices have to be mulbtiplied bj their corre-
sponding quantities x, 4 (£ =9, 10 and 11) to give the costs of
the 1mports from a certaln area, 4 1in a certaln year 1. For
instance, the costs of importing ore from India (£ = 9) in vear
i ds:

11
Xg,1P9,1 = ¥o,1 Z Py, 1%i,1 * Py, 1-1%k,1-1) * %o,1
K=9

The costs of importing ores from all three areas in year
1 1s then:

11

11
CXp,iP,1 T Ej 2,1 }j (Py, 1%, 1 * B, 1m1¥, 117 * O 4] =
£=9 k=9

1

—

1 1 U
) §j ;z (Bkyixk;ixﬂﬁi * Bkyi-TXkri"]X£)1 E: ’l £s i
K=9 £=9 4=

for i =1, 2, ..., 6 and the same restrictions on the B 1 and
2

Pr,1-1"
The expenditure of lmporting ores from all three areas
in the first five years of our program 1s then:
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11
;E (B, 1%%,1%0,1 * P, 1-1%k,1-1%,1) ¥

with the same restrictions on Bk,i and 6k 1-1 as before..
¥

The expression under the 3 I8 is a shorthand for
5 x 3 X 3 = k45 terms related to the period 1 and h x 3 x 3 = 36
terms related to the perilod (i - 1); so there are altogether 81
guadratic terms here.

The expression under the 2 %s- contains 15 linecar terms
“already included in the formulas for E1 stated hefore. The ex-
pression for the total expenditures of the program is therefore:

6 12 5 .
E=F +5 = }: O 1 O }: E: e, 1Yk,1
{21 k=1 =1 k=1
5 11 11
* E: E: (P, 1%, 4%,1 * Pi, 1-1%k,1-1%4,1”
i=1 k=9 £=9

Two points have still to be wentioned here:

a) As it now stands, the program is charged with the full
cost of building the plants and developing the mines. But it 1s
highly probable that at the end of the s8ix years considered here,
the plants and mines will still have some value as production factors.
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The more so, since the normal 1lif'e span of these plants and mines is
assumed Lo be approximately ten years. It is therefore reagsonable
to charge the program with only a fraction of these capltal costs.
This 1s aohieved by multiplying these costs with an appropriate
depreciation factor.

b) Since these expenditures occur in various years, they
have to be brought on a common basis. ‘This is achieved by bringing
all expenditures forward to the beginning of the first year by multi-
Plying each expenditure with an appropriate discount factor.

These pointg are more fully discussed in Technical Report No. 2,
of 12 September, 1957, page 19/20 and 23.




