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OPTIMIZING MATERTALS-HANDLING SYSTEMS BY MATHEMATICAL PROGRAMMING*

 The problem of selecting equipment and methods and organizing them into
an efficient materials-handling system is important in agriculture. The current
trend toward specialization, mechanization, and automation is speeding changes in
farm materialg-handling systems. Many regearch workers have noted the need to
consider the entire gystem and its interrelationships rather than to select equip-.
ment and methods on the basis of only one process. :

Sammet (22) outlined the "systems engineering" concept and its applica-
bility to agricultural problems. He emphasized the divigion of systems into stages,
with a number of alternatives at each stage. He noted the large number of possi-
bilitieg for different systems and mentioned new methods of mathematical program-
ming and use of electronic computers to perform the calculations. In a similar
vein, Pinches (16) wrote, "Systems engineering in agriculture ghould start with
analysis of farm operations or procesges, and proceed through work flow, or process
layout, to implementation and farm layout." He stressed the interaction of proc=
esses in the total operation of a farm. Hall (9) outlined several theoretical '
methods applicable to the design of materials-handling systems and suggested the
use of a flow chart, He gave two examples of possible uses of linear programming
for materials-handling problems. , ‘ ' ‘

Ross (21) applied industrial engineering techniques to the analysis of
materials handling on an Indlana hog farm. He used the process chart and flow
chart to present methodsg and their relationships to the entire system. The number
of different systems made up of different combinations of the alternative methods
totaled 8,160, Ross suggested the development of machine.methods of analysis in
order to better evaluate the large number of alternative gystems. MacHardy (13)
used industrial engineering methods similar to those used by Ross. He used the
flow chart to show relationships between alternative methods and compared the vari-
ous methods in each process geparately, using the "pay-off period" as a cost cri-
terion. ’ v :

. Winter (28) summarized indnstrial engineering methods applicable to the
design of agricultural materialsg-handling systems. Using similar techniques, Todd
(2k) analyzed a sugarcane-harvesting processing system and designed a revised sys-
tem. : .

DeForest (5) stremsed the need for system design ag opposed to piecemeal
improvements. He and Forth (6) stressed the gystem~planning approach by developing
a colorful, illustrated flow chart that showed alternative methods (paths on the '
chart) and their interrelationship in the movement of all materials. McKenzie (lh)
developed system-degign fundamentals, including the recommendation of multiple use
of equipment in a complete materials~handling system. Klels (ll), in a study of
materials handling on 320 Michigan farms, stated as one of hig conclusions the
evident need to develop systems that would make the separate methods 'compatible,
complementary, coordinated and integrated." ,

The purpose of the regearch reported here was to construct mathematical
models that described the interrelationships between equipment and methods in the
entire system, and to apply and develop mathematical programming methods for opti-
mizing the systems. The work was in the field of operations research, especially

*Regearch reported herein was conducted at the Purdue Agricultural Experiment Sta-
tion as a contributing project to the NC-48 Regional Materials Handling Research
Project. A more detailed report of this research may be found in a doctoral
thesis by the senior author (15). ' :
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linear programming. Known methods were applied and uew methods were developed for
solving three types of systemg-gelection problems.

Linear Programming

Linear programming problems require the solution of a set of linear alge-
braic equations; fewer in number than the number of unknowns, so as to optimize a
given linear function of these unknowns. This set of linear equations is usually
derived from 'a get of inequalities, and thege equations are called constraint equa-
tions. The function to be optimized is termed the cost or profit equation, the
criterion function, the objective function, or the fumctional equation.

Three methods of golution are available for different types of problems.
The simplex method solvesg all general linéar programming problems. It was developed
by Dantzig (4) and was explained and further developed by Charnes, Cooper, and Hen-
derson (2). Randolph (19) presented a good explanation based on the solution of
linear algebraic equations. Boles (1) wrobte a clear exposition of the method from
the gtandpoint of selecting farm enterprises for maximum profit. Hall (9) and
Tribug and Rowe (25) suggested agricultural engineering appllcatlons of linear pro-
grammlng and explalned the solution techniques.

The transportation method solvesg problems  that may be formulated in a
manner analogous to that of finding  the minimum-cost method of shipping products
from a number of gources to & number of destinations. A good description of this
technique is given by Snodgrass and French (23). : : -

The assignment method solves a further specialization of the transporta-
tion problem. ~Ag the name implies, a certain number of machines or men can be
assigned to the same number of jobs at maximum total effectiveness or minimum
total cost. TFlood's assignment method of solution was presented by Churchman,
Ackoff, and Arnoff (3). -

Flow Charts

 The flow chart as used by Ross (21), MacHardy (13), and others was the
fundamental method of presenting the problem in this research. For simplicity of
mathematical analysis, it wasg egsential that a complete materials-handling system
be represented by a single path. The following definition was developed:

Flow chart - A flow chart is a network of directed links that
represent alternate methods of performing specific
operations guch that any complete gingle path
through the network represgents a complete system.

Definitions of "process" and "method" given by Vaughan and Hardin (27)

were used.:
‘Procegs - Any regular course of action adhered to in perform-
’ ing work--a plan followed regularly.
Method = A definite system of procedure as to how a work

_process or any parts thereof. are done. It involves
order of work, hand and body motions, arrangement
of work place, and kind of equipment used.
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As used in this research, a process may be performed by one of geveral
alternative methods. Each method is represented on the flow chart by one directed
link The p01nts of connection between links are called nodes; and the terms

equipment and "machine," as used, refer to buildings and building modlflcatlons
as well as to machinery ' - ~ e e ‘

Figure 1 ghows a sample flow chart for moving feed 1nto storage “removing,
grlnding, and mixing it; and dellverlng it to the livestock. Note that the chart
ghowes the infeagibility of using certain methods together In Figure 1, Method 2
repregents movement of ear cornm, whlle Method 3 involves grinding with a small
grinder that will not handle ear corn. - Since it is not feasible to use these two

. .methods together, the flow chart is constructed gso that no single path can include

both.  The flow chart permits the combining of materials, since they may change
from one processg to the next. For example, procegses involved in handling bedding
could be attached to the end of Process III in Flgure 1 to provide a complete farm
flow chart.

The flow chart was constructed so that each system was practical = and
well—englneered Thig point was 1mportant because cost alone was . to be the cri-
terion. = For example, a less expensive, unsafe machine would not be preferable to
a more expensive safe machlne, so safety was considered in the degign of each method
and any possible comblnatlon of methods formed a safe, complete system.

Man and Machlne Process Charts

A spec1al procegs chart wag developed to.aid in descrlbing the methodpc R
repregented on-the flow chart and in making detailed cost estimates. - A get of
shorthand symbols was developed to shorten the amount of writing necessary to de-
scribe the operation. The underlying principle was to include only ‘enough infor-
mation to show how the operation was performed. The equipment wag designated by =
letter; and after the’first mention, only the letter wag used to identify the item.

Operatlng costs of all equlpment, including labor, and fixed costs of all
machinesg that were not uged in other processes were listed. Fixed costs of multiple-’
use machines were handled separately, as is shown later. Table I lists the shorthand

synbols used, and Table IT gives an example of the man and machine process chart for
a particular method & v

Pable T. Shorthand Symbols Used in Man and Machine
: . Process Charts ‘

Transported to
Hltched or connected “to
Unhitchedtor disconnectedtfrom

Opened; including dismounting and
» remounting power-unitfwhen necessary

Closed, 1nclud1ng dlsmountlng and
remounting when ‘necessary

Ad justed or‘positioned

\]\> < | 1JL



" Method 1

Method 3

‘Method 7

Automatic Mill

Auger Wagon
(shelled corn)

Method 2

Method 4

Auger Wégon

Method 8

Tractor Mill

Method 5

Long Auger

Method 9

Tractor Mill

Method 6

Dump Wagon

Dump Wagon
-(ear corn)

Process I

Mill in Town and Truck

* Process II

Process III.

Convey to Storage Grind and Mix Convey to Livestock

Figure 1. Simple Materials-Hendling Flow Chart
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Table II.  Man and Machine Prgéess Chart for
' - Feeding Hogs on Pasture
. ’ v Tiﬁe
Dump '
Truck, Auvger, Feeder,
Degeription - ‘Remarks ‘Man T _ A ¥
1. Loaded truck\(T)'—:F_‘ 2 T, Load, 3 min. 3.min.‘
portable auger —m 2,000 f£t.
field.
2. Feeder (F) \/ . - -
3; T3 A 771- No Op.
to £ill F. 1T.cap. | 2 2 Cost
b, F £illed & /\ . 15 T./hr. b b 4 min.
5. AT —= | | | o 2
“ gecond feeder‘(Fe).7
6. Fz(\/ TR, AL 2 2
to £ill F2. '
7. F2 filled & A . L b L
8. ATFHT —=
building H. 3 3
20 min. 20 min. 8 min.
Apnual Totals 4 T. 8.0, - 8.0 hr. 3.2 hr.
Operéting Cost : Raté $1.50 $O.86‘ g $0.05‘
Total 12,00 6.0 .16
FixedVCQSt | - O meu. .A m.u. $32.40

m.u. - Mﬁltiplé-uée'

Total Cost for Table 2 - $50.96




Cost Functions

The form of the cogt functions for the various methods is important, since
the total cost is to be minimized in the optimal system. In linear programming,
costs for each variable must be linear with the amount of use. However, wmethods
have been developed for handling a non-linear cost in linear programming when the
cost function is convex to the use axig, as shown in Figure 2. The convex function
may be approximated by a piecewise linear function, and the single variable is re-
placed by one variable for each linear portion. In a cost minimization problem,
the simplex solution method for linear programming naturally selects the lowest-cost
variable first (use from O to &, at minimum cost, ¢1) so that the solution will con-
tain the variableg in theilr proper order according to the amount of use. Puterbaugh
(18) applied this separable convex function theory to agricultural production func-
tions.

Because of the fixed cost, equipment cogts are frequently discontinuous at
zero use. If the equipment is not used, it need not be purchaged, and the cogt is
zero. If it is used even a small amount, the cost is the fixed cost plus the operat-
ing cost. If the cost above zero use is assumed to be linear, an approximation that
is continuous is a concave function, ag ghown by OAB in Figure 3. If these two
linear segments were used to represent the variable in a cost-minimization problem,
the segment with the least slope (AB) could appear in the solution without the seg-
ment representing the fixed cost, and the golution would not be correct.

The cost problem ig simpler if the egquipment is to be uged a gpecified
amount or not at all. Then the cost may correctly be assumed to be linear through
zero and through the specified amount of use as shown by OC in Figure 3. On a flow
chart with given amounts of material to be handled, a method using equipment that
is not used in any other process may be given such a cost function. If all methods
on the flow chart are of this type, the problem is simply one of finding the minimum-
cogt path through a network with constant-cogt branches. BSeveral methods, mentioned
later under "minimum-path methods,’ are available for solving these relatively simple
problems. '

In farm meterials-handling systems, "multiple-use” equipment ig common,
that 1s, equipment which may be uged in several procesgsses. TFor example, a self-
unloading forage wagon may be used for many different processes in a materials-
handling system. Such multiple-uge equipment posges a problem of determining the
actual cost of a method using such a machine, since the fixed-cost allocation depends
upon how many other useg of the machine are in the gystem. The number of uses of the
machine determines the cost of the method, but it is difficult to determlne whether
to include a given method if its cost is in questlon

Hirsch and Dantzig (10) stated this problem in linear programming terms,
ezcept that the criterion function to be minimized was not the usual

7z = % i Xi, (1)
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- L0 for u =0,
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bi = the fixed cogt associated with xi, and

ci = the unit operating’cost associated with x1.

Equation 2 gives the total cost for the system, with the fixed cost of each varigble
x{ added only once for any value of xj greater than 0. They pointed out that no com-
putational algorithm had developed for solwing such a problem. This paper presents a
method that doeg sgolve this problem in most cases, but that does not guarantee the
degired type of answer in all cases, as is explained later

Three general types of materials-handling prdblems were considered. They
are- called minimm-path problems, fixed-gize problems with multiple-uge machines,
and variable-gize problems. Available minimum-path methods solve the first type. The
unit-flow model, which is the major topic of this paper, was developed: to solve the
gecond. type. Furbher restrictions on the fixed-gize problem and problems involving
varlableS1zeSOf enterprlses require methods for integer solutions to linear programs.

Minimum-Path MPthods

Ag previously mentioned, one type of minimum-path problem involves a fixed
amount of material to be handled by each method, and no multiple use of equipment
between processes. If the fixed costs of multiple-use equipment are negligible,
multiple usage may be included; and if the fixed costs of all equipment are negli-
-gible, the material to be handled may be variable within the problem. However, the
negligible fixed-cost assumption is seldom realistic. Solutions for minimum labor,:

energy, or capital are readily found with minimum-path methods.

Many algorithms are available for solving minimum-path problems. - The smaller
problems can be solved manually, and the larger problems with a digital computer.
Pollack and Wiebenson (17) presented a good review of several of these methods; and
Randolph Bartlett and Peart (20) described others.

The Uhit-FlOW'Nbdel

In this research the unit- flow model wag developed to handle fixed-size
prdblems with multiple-use equipment. The unit-flow model is a linear programming
model so constructed that the solution, except in rare cases, is the single-path sys-
tem with the minimum total of operating costs and fixed costs. :

: Classification of BEquipment According to Use. The first step in congtruct-
ing this model is to list on the flow chart the equipment and buildings to be added
or modlfled A good deal of engineering effort must precede this step, becauge all
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reagonable methods of performing the various processes must be considered and their
Interrelationships must be specified in constructing the flow chart. On the flow

chart, each method is represented by a directed link; and the method number, equip-
ment de81gnatlon (in parentheses) and brief degcription are listed on: the directed
link for each method. . The flow chart of Figure L is used for illustration purposes.

Equipment 1s classified according to use as (l) single-use, (2) mugt-use,
(3) multiple-ordered-use, or (4) multiple-uge. To aid in degcribing these terms

precisely, the following definitiong of "parallel" and "series" are used.

Parallel - A group of methods or a group of uses of a single machine
ig a parallel group if no single-path system can contain
more than one of the methods or machine uses.

Series ~ A group of methods or uses of a gingle machine ig in
series 1f more than one method or use of the machlne can
be a part of one single-path gystem. :

A machine is a single—use machine if all its uses are perallel. +In Figurevh,
E, Xy M, H, and D are examples of single-use equipment. The fixed cost of a single-use
machine is added to the operation costs of each method in which it is specified.

_ A mugt-use machine ig used in every possible system represented on the flow
chart. Machine A is a must-use machine in Figure 4. Fixed cost of a must-use machine
hag no bearing on which system is the least-cost, and it may he neglected, added to

© the optimal system, or added to all methods in one process, such ag Methods 1 and 2
for Machine A, »

A machine has multiple-ordered-use if its uges are in series,and the use
nearest the origin node must be in any path including subsequent uses. Machine G has
multiple-ordered-uge in Figure U4, becauss it cannot appear in a system unlegs Method 2
ig in the system. This method is called the "initial" method for multiple-ordered-
use Machine G. The fixed cogt of a multiple-ordered-uge item is added  to the operat-
. ing cost of its initial method

A multiple-uge machine hag two or more series uses that may each be in a
system without the other. Machines B, C, and T, in Figure 4, are multiple-use _
machines. Methods 1 and 7, which use Machine B, may both be in a system, or either
may be in a system without the other. It follows that there must be at least one
system using neither method. '

There ig no correct place on the flow chart to asgssign the fixed cost of &
multiple-uge item, and thisg ig the crux of the optimizing problem. - The golubion of
this problem lies in constructing separate "purchase variables" for the multiple-use
machineg and assuring an integer solution for -thesge variables.

Costs of Individual Methods. Once the equipment is classified according
to use, the fixed costs of all except multiple-use equipment are added Lo the- operat-
ing costs of the appropriate method as.specified above. These combined costs are
referred to as method costs. The man and machine procegg charts constructed for the
alternative methods help to determine detailed costs. It is helpful at this point
to degignate all multlple -uge equipment on the flow chart, as has been done by under-

lining on Figure L.
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3. (M, E) 7. (A, B)
Automatic mill Auger wagon

Auger wagon

(shelled corn) _ ‘
v 4. (A, M, K) 8. (D)
Tractor mill Long auger
3. (A’ G, KL M) “19. (A, _I;', _Q)

Dump wagon

2. (A, L, G) 6. (€, G, H)
Dump wagon Mill in town and truck
(ear corn)

Figure i Example Flow Chart With Fquipment Designations

7. = $60. (B) - $70.

1. - $350. (B,C) - $70., $30. | 8. - $80

5: - $300. 9. - $70. (C,L) =
} $30., 340.

2, - $180.(L) - 404 6. = $500. (¢) - $30.

Figure 5., Revised Flow Chart With Multiple-Use Machines and Costs
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After these method costs are computed, it may be possible immediately to .
eliminate some of the higher cost methods from the problem. In a group of methods '
connecting two nodes, any method may be eliminated that has a higher cost and uses
all multiple-use equipment used by a lower-cost method in the group. In Figure M,
Methods 3 and L4 have no multiple-use equipment and Method 4 costs more, so it may
be eliminated from further consideration. Methods 1 and 3 are then combined and
called Method 1.

Figure 5 shows the revised flow chart after the methods have been elimi-
nated or combined and only multiple-use machines are shown. The comparison of
methods between common nodes is simple, even in large flow charts, and it may re-
duce the size of the problem.

‘Variableg. Each method is represented by a variable, xj, which equals
the number of units of material handled by Method 1. These variables are called
"method variables." ‘

Bach multiple-uge machine ig represented by a variable, X7y, which equals
the number of units of Machine J that are to be used or purchased. These variables
are called "purchase variables.”

The mathematical model. After the alternative methods have been designed,
the flow chart copstructed, the equipment clasgified according to use, the fixed
and operating costs allocated, and the variables named, construction of the mathe-
matical model is relatively gimple. The mathematical model consists of a set of
linear equations and inequalitieg. They are of two types, network equations and
purchase inequalities.

The network equations are written according to Kirchoff's law of electrical
currents; that is, the flow into a node must equal the flow out of the node. A
critical point in the construction of the unit-flow model is the definition of a flow
of one unit through a method as the amount of material used in determining the cost
of that method. Thus the flow chart is viewed as a network carrying one unit of flow
even though the amounts and types of actual material that are handled may change from
one process to the next. Thisg definition does not 1limit or approximate  the model,
as costg are basged on the actual amounts and typés of material handled in each proc-

ess.

In a network of n nodes, n-1 indépendent equations of flow through the
nodes must be written. The following network equations apply to the flow chart of
Figure:5. In this case an equation is written for each node except the final one:

X:]_ + X2 = 1. | (3)
X2 = XS | ".. X6 == O ) <)+)
X1 + X5 - Xy - xg - X9 = 0. (5)

The purchase inequalities are written so that the purchase variable must
take on a value at least as great as any method variable associated with it. In
terms of the example, if either xy or %7 equals one, xpg should also equal one, since
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Machine B is needed for either method. The following two inequalities accomplish
thig: |

%7 xp = 0. - (6)
x7 -xp = 0. _ (1)
Similarly, for machine L, two inequalities are formed:
X5 -xp, << 0. . (8)
X -x7, < 0. | (9)
One inequality is required for each possible parallel group of ugesg for
each multiple-use machine. For example, the following inequalities are necegsary

for Machine C, since (x1, x6) and (x4, x9) are all the possible parallel groups of
methodg uging Machine C:

X + Xg ~¥a = O. R (lO)
%6 %9 O g =00 (11)

The inequality sign is uged rather than equality so that the purchase variable may
equal one while the method variables in one inequality are zero.

In the cost equation, the ammual method costs, as previously computed,
are the coefficients of the method variables, and the annual fixed costs are the
coefficients of the purchase variables. For Problem 2, the cost equation is as
follows: ‘ :

350x) + 180x5 + 300x5 + 500xg + 6OX7 + B0xg + T0xg + 70xp + 30xq
+ boxy, = z = cost (to be minimized).

Solutiong. = A materials-handling problem formulated in this way and sub-
mitted to the simplex algorithm of solving a linear programming problem yields an
optimal solution with each variable usually equal to either zero or one. Non-
integer values for the solutions are not degirable becauge they mean that part of
the material should be handled by one method and part by another method. Even
worse, a fractional solution for a purchage variable meang the purchase of part of
a machine, which ig an unrealigtic solution for the usual materials-handling equip-
ment. :

Although non-integer solutiong are mathematically possible, a study of
~ the problem ghows that they are unlikely. First, in its simplest form, the require-
ment for a possible non-integer solution is a situation in which two multiple-use
machines are used together in one method of one procegs; while in another process,
each is part of one of two parallel or "competing” methods. This situation in its
simplest form is shown in Figure 6, Second, in addition to the first requirement,,
the following cogt relationship must hold to produce a non-integer solution:

(cp - c1)<<(ez +ca - (eh + cB))<<(c1 - c2)>0,
or (eq - ¢cp) ;>'ic3 +cp - (cy + CB)S.



@)

2. (A,B)

(B)

-Figurejo Slmplest Flow Chart Requlred for .
Possible Non Integer Solutlon :

- Because of these cost relatlonsnips and the unllkely nature of this type"v
of multiple-use machine placement on a flow chart the possibility for non-integer
solutlons is not belleved to be a s1gn1f1cant disadvantage of the un1t flow method .

_ Informatlon in addltlon to deS1gnatlon of the optlmum system may be ob—
tained with this method. Cosgt of one specific method or of one multiple-use machine -
may be varled automatically with some available linear programming computer routines.
The maximum cost at which a particular method or machlne iz 1ncluded 1n the optlmal
SOlutlon is valuable 1nformatlon : : .

A During\the research work on the wnit-flow model, several problems were

set up and solved. They ranged in size from small problems that were computed manu-
ally to two larger problems handled on the Datatron 220. .- The. largest problem.was e
constructed with data from an actual 289-acre graln-hog farm in Indiana. ‘The flow
chart contained 82,9ul dlfferent complete gystems. " Different methods of conveying
materialg actounted for many" of the alternatives.: It wag ‘generally not possible
“to choose one best conveying method. becausge of the varlety of materlals handled." i
Even:more alternatlve conveying methods would have been feagible ‘on & farm'W1tn the o
feeding area closer to the feed storage area - On thls farm the tio: were about half
~a mile apart ' : -

Once the alternative materials-handling methods were designed, the flow

... chart constructed and the costs computed, writing of the equatlons for the unit- -
flow model took: only a short time--less than three hours. ~Of course;, the 1n1t1al

design and cost work was con31derable and- 1mportant ‘but 1t would have béen neées-

' sary for any. type of analysis. Computer ‘operating time on a Datatron 220 totaled .
less than four hours, and thig is considered a medium- Speed machine. The size of
.~ the problem,requlred data +o be stored on a magnetlc tape unlt ‘and, that greatly
'reduced access speed ' ' : :

: The flow chart for the full-size problem is shown in Flgure T and the
methods in the optimal system are starred.. Table IIT ligts the" multlple use machlnes
by index. letters used on the flow chart and gives their annual fixed costs.  Costs:
for the ‘Feed. grlndlng alternatlves were $3 00, per- ton for on,the—farm custom grlnd—
,1ng, and. $2 00 per ton at & custom mill in town five miles away. ~A:penalty of one
’percent of the feed cost (for wastage) was charged to the no-grinding method

_ Note that the programmlng solution method makes all these ch01ces, in
ceffect, s1multaneously and. conglidersg the 1nterrelatlonsh1ps among all the choices.
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Method No. ' * Optimal Systém
‘ ( /Index of Multiple-Use Machines
- v _

| (I,r,U) $333.91 =— Method Cost

[ Baler, trailing wagon

2 - (T.1) 325,62

Baler, truck & loader \

*3 - (1, U,8) . 288.74 \\
e Baler, ejector, forage wagon :
4 - (U,8) 346,42 7\
Chopper & .forage wagon y

S -(YD) 355.41/

7 $487.45
/Garden Tract. scraper\ elev,

‘1*8— (U)  446.80

\ Chopper & dump wagon Utility tract. scraper, elev.
\6 - (T) 376.23{ Manure, 1092 T., Floor to
Chopper, dump truck Spreader
Straw, 57 T., Field to Storage 12 - (1) 28. 60
°o-(1 1.96 Truck, bags
Truck " 13 - (U,F) 25.37

*10 - (W, U) 2.78 Flat-bed wagon, bags
I\ *14 - (W, A,U)27.28 |
Auger wagon

15 48.28
Dealer's tank, liquid

Auger wagon

i -(U, D) : 2.83
- Dump wagon

Fertilizer, 27, ,
Town.to Field

Fertilizer & Seed, 20 T.,
Storage to Planter

16-(T.U) 105,12 20 ~2184.71 . (T)
' ' " / Storage system #1

/ Auger wagon

17 - (U, D) , 105.12 % /
Dump wagon )

*18 - (U,S) 105.12 AT\

Storage system #3

Forage wagon

19 - (1) 113.28 23 - (1,A) 1829.70 5{3}
‘Truck ‘ Storage system #4
Grain, 431 T., . Grain, 431 T. & Suppl., 50 T.,
Field to Drver Dryer or Dealer to Storage

Figure 7. Flow Chart for Corn-Haoag Farm




24 - (M)

$109.25
Automatic grinder

~15-

36 ~ (T,A)

' Truck, town grinder

[ 37— (M)

$207.10 @ .

16,60

/ / Automatic grinder

25-(G) 119,56, >

38 = (G)

Tractor grinder

6 179,55/
No grinding

7 - (M.C)
Automatic grinder

j 28 = (G)

\ 39

Tractor grinder

Custom grinder

—40 - (1) 207.10 _ /™
[ Truck, town grinder

41 ~ (M,C) 24,25

/' Automatic grinder

42 = (3 25,86

Tractor grinder

.29 -
No grinding

\_43 187,82

Tractor grinder

Custom grinder

44 - (1) 207.10 /2
' Truck, town grinder - :

30 -~ (M,B) 45 - (M,B) 21.48
Automatic grinder Automatic grinder ‘
431 - (G,B) %46 - (G,B) 23,09
Tractor grinder Tractor grinder
%372 \ 47 - (B) 185,05

No grinding .

Custom grinder

48 - (T) 1 207.10
- ——()
Truck, town grin.der : -

20,14

Tractor grinder

35 186,80/
‘No grinding

"@Grain & Supplement, 400.T,,
Processed for. Hogs

83 = (M.B) 49 = (M ,B)
4 .Automat_ic grinder ' Automativc' grinder-
34 -~ (G.B 50 - (G,B) 21,75

\.21 - (B)

Tractor grinder

183.71 /-

Custom grinder

Grain & Supplement, 60 T.,
Processed for Sows & Pigs .

Figure 7. (continued) Flow Chart for Corn-Hog Farm



52 = (W.T)

,16._

$394.72
Auger Wagon - R
53 - (U,D) 423.18
Dump wagon
54 - 430.22
Truck o
*55 - (W, U). 417.72

56 = (A,U,D)

Auger wagon

45232

Dump wagon

57 - (T,A)

Truck:

Feed, Processing Area to Feeders .

458,60

" Figure. 7, (conti.hug’c_l) Flow Chart for Corn-Hog__Farh1
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Table IIL.  Multiple-Uge Machineg Listed on
Flow Chart of Figure 7

Annual Annuai ‘

Fixed Fixed
Index Machine , Cost Index’ Machine Cost
T - Dump bruck $489.50 F - Flat-bed wagon $36.50
W - Auger wagon 71.00 U - U%ility tractor 96.80
I - Inclined chain D - Dump-bed wagon 48.90
- elevator . 48.30 : '
S S - Self-unloading
A - Portable auger 23.30 forage wagon 76.07
M - Automatic mixer- G - Traétor—pOwered -
grinder & auger - 88.77 grinder & feed
_ . meters o 69.00 °
C-- Horiz. chain conveyor 30.75 , -
' ' B - Hoppered overhead

bin 36.80

Summary of procedure for the unit-flow model. . The unit-flow model de-
veloped in this research is believed to be a useful tool for sgelecting minimum- -
cost materials-handling = systems for fixed-gize operations with possibilitieg for
multiple use of machines. The procedure for setting up and solving such problems
is summarized here: '

1.  Necegsgary procegsesg are egtablighed for the materials-handling
problem under study.

2. Practical, efficient alternative methods of performing these -
processes are designed, using up-to-date engineering knowledge
and practice. -These methods are specified on man and machine.
process charts, and cogt data are obtained and calculated.

3. The flow chart is constructed, and necesséry machines are
listed for each method.

. Machines are classified as single-use, must-use, multiple-
ordered-use, or multiple-use.

5.  Method costs, including operating cogts and fLXPd costs of the-
appropriate machines, are computed.

6. Methods connectlng the same pair of nodes are compared; and
when. any method usges all the mult1ple—uS° machines specified
in a lower-cost method, the higher- -cost one is ellmlnated

7.  Network equaticns, purchase inequalities, and the cost equation
are written to form a linear programming problem.
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8. The problem is solved by using the simplex algorithm, which
is available for practically all digitel computers.

9. For selected multiple-uge machineg or for certain methods of
particular interesgt, cost figures may be varied and the prob-
lem re-run until the maximum cost ig obtained for which that
item remains in the optimal solution. Computer routines are
available or may be written for performing this operation
automatically (26).

Integer-Solution Methods

Further regtrictions on the fixed-gize problem. In a fixed-size materialsg-
handllng problem, it may be desirable to place a limitation on the amount of labor,
seasonal or total, and/or on the amount of capital available. These types of re-
strictions may be readllyradded to the linear programming model. A linear inequality
is written which states the desgired limitation. For example, in the problem shown
in Figure 5, suppose the initial capital expenditure for Machines B, C, and L are
$700, $300, and $400, respectively, and the maximum permissible capltal outlay is
specified as $1,000. The appropriate inequality would be added to the original set
"~ of equationd and inequalities as follows:

T00xg + 300xg + 400x7, =< 1000.
Labor festrictions would be handled similarly.

The linear programming solutions to guch problemsg will rarely give the de-
sired zero and unity valueg for the variables. A recently developed algorithm by
Gomory (7, 8) or one by Land and Doig (12) may be applied %o the problem of finding
integer-valued golutions to linear programming problems. With formulation of the
problem in the unit-flow model, integer-valued solutions will be zero -and unity solu-
tionsg. Actually, computer programs for the integer-golution method are still in the
procegs of development, but they hold promise of greatly'w1den1ng the ‘scope of. prob-
lems capable of golutlon by linear progreamming methods. '

Selection of optimal enterpriges and equipment--variable-gize problems.
The uge of linear programming for gelecting farm enterprise levels for an optimal
management program is & well-established part of agricultural economicg regearch
and practice. In such models the variables are amounts of activities, such ag hog
production under a given management system, corn production, corn selling or buying,
fertilizer use, and any other farm management activity desired in the model. The
constraints, or equations and inequalitieg describing the problem, are usually basged
on- limiting factors of production, such ag land, labor, housing facilities, and
capital. - A constant profit or cosgt factor per unit of the variable is used in the
functional equation. As explained previously, decreasing-returns functions or
increasing-cost functions may be handled by approximation with sgeveral llnear func-
tions. :

The use of integer sgolution methodsg for linear programs makes it possible
to handle decreasging-cost functiong, such as equlpment cogts composed of both fixed
and operating cogts. :
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Ag is shown by one of the authors (15) the flow chart, equations similar
to the network equations of the unit-flow model, and a set of purchase inequalitieg
mey be uged to sgpecify a mat@rlals—handllng problem when the amount of various farm
enterpriges 1is unknown and is actually selected by the linear programming method.
Again the integer-solution method must be used to obtain zero or unity answersg for
the machine purchage variableg. This technique shows posgibilitiesg of being effec-
tive not only for determining optimal levels of farm enterpriges, but at the same
time for determining the optimal materisls-hendling system for that combination of
enterprises. To the authors' knowledge, no application of this method has yet been
made, but the future availability of a computer routine for the integer solution
method of linear programming will make such applicationg feasible. The integer
golution method 1g an important tool for dealing with a large group of problems,
of which these applications to farm materialg-handling systems are but a part.

Value of a Mathematical Method

A mathematical method of selectirng an optimal materials-handling system
has several advantages as an aid in system synthesls. A mathematical model can
describe the entire system so that gelection need not be made on a procesgs-~by-
process bagis. This allows recognition of interrelationships between all parts of
the system, such as multiple use of a machine in different procegses. By being
‘able to describe and select systems ag a whole, rather than piecewise, mathematical
programming can make a major contribution in optlmlvlng materials-handling gystemg-i

A mathematical model encourages the concige and complete gtatement of the
" problem and the variables. It promoteg objective decision-making. ©Bubjective de-
cigions will continue to be made in the original design of alternative gystems, but
a model capable of handling many variables allows many more. factors to be quantl—
fied.

A mathematical method that isg “ff101ently programmed for sgolution on a
digital computer saveg computstion time and allows larger problems to be gtudied.
The increaging availability of computers at colleges and universities and in busi-
nesg firms makeg possible the genersal use of guch a method. A mathematical method
may permit apalysis of the sensgitivity of the solution to changes in costs or other
coefficients of the problem. Such an analysis would be as valuable as the optimal
solution itgelf.

The usefulnegg and eage of spplication of the models studied and developed
in this research justify further research in theilr application and in the theory of
various modelg. The unit-flow model could be used effectively to determine recom-
mended sygtems for typical sizes and types of farms. For example, the optimum sys-
tem for a 200-head cattle-feeding operation on a 240O-acre farm with CCSOCL rotation -

could be determined. A typical building and equipment situation could be used, or
no buildingg could be agsumed, in which cage the minimum-cogt system of new build—
ings and equipment would. be determined: . Accurate data on labor requirements and
cogtg are needed for the various methods.

It 18 possible that in. the future the method could be economically applied
to gpecific farmsteads by farm feed and equipment distributors or by farm managers,
using computersg available privately or through universities. .Actual cost of pro-
posed new equipment or buildings would be availsble, and the farmer could make a
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good estimate of his own labor requirements. Linear programming is currently being
used on individual farmg by farm management consulbante to select enterprimes, and
ity extension to equipment gelection is logical.

Purther regearch should be conducted in developing methods of applying
Integer-golution techniques to problemg of determining opbimm enterprises and
materialg-handling systems on actual-gize problems. This 1s & large problem and
could benefit from regearch by many individualg in various departments.
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