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OPrIMIZING MATERIALS-HANDLING SYSTEMS BY MATHEMATICAL PROGRAMMING* 

The problem of selecting equipment and methods and organizing them into 
an efficient materials-handling system is important il1 agriculture. The current 
trend toward specialization, mechanization, and automation is speedingchanges in 
farm materials-handling systems. Many research workers have noted the need to 
consider the entire system and itfl interrelationships rather than to select equip­
ment and methods on the ·basis of only one process. 

Sammet (22) outlined the 11 systems engineering" concept and its applica­
bility to agricultural problems& He emphasized the division of systems into stages, 
with a number of alternatives at each stage. He noted the large number of possi"' 
bilities 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 should start with 
analysis of farm operations or processes, arid proceed throug:j.1 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 an·i 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.Indiana hog farm., He used t.he process chart and flow 
chart to present methods and their relationships to the entire system.. The number 
of different systems mad..e up of different combinations of the alternative methods 
totaled 8,160 .. Ross suggested the development of machinemethodf.:l of analysis in 
order to better evaluate the large number of alternative systewh. MacHardy (13) 
used industrial engineering methods similar to· those used by Ross. He used the 
flow chart to show relationships between alternative methods and com.pared the vari­
ous metp.ods in each process separ~tely, using the "pay-off period" as a cost cri­
terion. 

Winter (28) summarized ind11strial engineering methods applicable to the 
design of agricultural materials-handling systems. Using similar techniques, Todd 
(24) analyzed a sugarcane-harvesting processing system and designed a revised sys­
tem. 

DeForest (5) stressed the need for system design as opposed to piecemeal 
improvements. He and Forth ( 6) stressed the system-p.lanning approach by developing 
a colnrful, illustrated flow chart that showed alternative methods (paths on the 
chart) and their interrelationship in the movement of all materials. McKenzie (14) 
developed system-design f'undamentals, including the recolIIJ11endation of multiple use 
of equipment in a complete materials-handling system-. Kleis (11), in a study of 
materials handling on 320Michigan farms, stated as one of his conclusions the 
evident need to develop systems that would make the separate methods "compatible, 
complementary, coordinated and integrated." 

The purpose of the research 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 

+'Research reported herein was coniucted 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 newmethods were developed for 
solving three types of systems-selection problems. 

Linear Programming 

Linear programming problems require the solution of a set of linear alge­
braic equationsJ fewer ip. number than the number of unknowns, so as to optimize a 
given linear function of these Ui.'1.k.nowns. This set of linear equations is usually 
derived from a set of inequalities, and these 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 functional equation. 

Three methods of solution are available for different types of problems. 
The simplex method solves all general linear programming problems. It was developed 
by Dantzig (4) and was explained and further developed by Charnel3, Cooper, and Hen­
derson (2). Randolph (19) presented a good explanation based on the solution of 
linear algebraic equations. Boles (1) wrote a clear exposition of the.method from 
the standpoint of selecting farm enterprises for maximum profit. Hall(9) and 
Tribus and Rowe (25) suggested agricultural engineering applications of linear pro­
gramming and explained the solution techniques. 

The transportation method solves problems that maybe formulated in a 
manner analogous to that of finding the minimum-cost method of shipping products 
from a number of sources to a 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. As 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 .. Flood 1 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 was essential that a complete materials-handling system 
be represented by a single path. The following definition was developed: 

were used: 

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

Definitions of 11 process 11 and 11method 11 given by Vaughan and Hardin (27) 

Process 

Method 

Any regular course of action adhered to in perform­
ing work--a plan followed regularly. 

- 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 several 
alternative methods. Each method is represented on the flow chart by one directed 
link. T.b.e points of connection between links ar;e called nodes, and the terms 
"equipment" and "machine," as used, refer to buildings and building modifications 
as well as to macl:J.inery. 

Figure 1 shows a sample flow chart for moving feed into storage; removing, 
grinding, and mixing it; and delivering it to the livestock. Note that the chart 
shows the in:feasibility of using certain methods . together. In Figure 1, Method 2 
represents movement_of ear corn, while Method 3 involves grinding with a small 
grinder that will not handle ear corn. Si:ri.ce it is not feasible to.use these two 
methods together, the flow chart is constructed so that no single :path can include 
both. The flow chart permits the combining of materials, since they may change 
from one process.· to the next. For example, processes involved in handling "bedding 
could be attached to the end of Process III in Figure]_. to provide a. complete farm 
flow chart.· 

The flow chart w-as constructed .so that each system was practical and 
wel1-engineered. This point was important because cost.alone was to be the cri­
terion •. For example, a less expensive, unsafe machine would not be preferable to 
a more e:kpensive safe machine, so safety was considered in the design of each method 
and any possible combination of methods formed a .. safe, complete system, 

Man andMachine Process Charts 

A special process chart was developed to aid in describing the methods 
represented on· the flow chart and in making detailed cost estimates.. . A set of 
shorthand symbols was developed to shorten the amount of writing nece,ssary to de:"" 
scribe the operation. The underlying principle was to include only enough infor­
mation to show- how the operation was perforin.ed, The equipment was designated by 
letter; arid after the first mention, only the letter was used to identify the item. 

Operating costs of all equipment, including labor, and fixed costs of all 
machines that were not used in other processes were listed~ Fixed costs ofmultiple- · 
use machines were handled separately, as is shown later. Table I lists the shorthand 
symbols used, and Table II gives an example of the man and machine process chart for 
a particular method. 

Table I. Shorthand Symbols Used in Man and Machine 
Process Charts 

v 
A 
-r-

Transported to 

Hitched or connected to 

Unhitched or disconnected from 

Opened, including dismounting and 
remounting·· power unit when nec.essary 

Closed, including dismount.ing and 
remounting when necessary 

Adjusted orpositioried 



Auger Wagon 
. (shelled corn) 

.2 
'-

Dump· wagon 
(eat corn). 

Process r 
Convey to Storage 

/ 

Method 3 
Automatic Mill 

Metllod4 

Tractor Mill . . :,. 

·.-.- ::·::''. 

Method '.5 
'rractor Mill 

Proces·s lI · 
Grind and Mix 

Method.7 

Auger Wagon 

Method 8 · 

· · Long Atigf:!r · 
. . ~ .... 

Method 9 

. Dump Wagon 

Process III 
Convey to Lives tock •· 

Figure· i. Simple Mate~ia:Ls~Handlillfi Flow Chart 

.;:.- •' 

I·· 

, . . . 
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Tabie II •.. Man and Machine Process Char~ for 
Feeding Hogs on Pasture 

De.scri ti.on 

1. Loaded truck · ( T) --=r-

portable auger .~· 

field. 

2. Feeder (F) V . 
3;. · '.J:'-:L A · ... ·.-i-' 

to fill F. 

4. F. f;tlled.& f\ 
5 . A-=:r-T .__.., 

. . . 

. · second feeder (F2). 
. . . : . . . . . . . . . . 

. 6 ... ·. r v·· T~.· . Af-.. :·.· 2 . ' .· ' . . . : 

to fill F2. 

7. F2 filled & !\ .• 

building R. · .. ·· 

·.· A.nnual Totals 

·Operating Cost 

.·Fixed Cost 

.·.Remarks 

2 T. load., 

2,000 ft. 

1 T. c~p., 

... 15 T./hr ... 

. ~8T.· 

Total 

. . . 

. ,Total Cost for Table 2 ... · $5d.,96 
. . 

In.u. - Muitiple.~ust/· 

3 min. 

2 .. 

4 

2 

3 

·Dump· 
. Truck, 

. T, 

3miri. 

-· 

·· ...• 2 

4 

2· 

2 

3. ·. 

----"-. 

·.· 20 min. 20 min. 

.$L50 

12.00··. 

$0.80 

.6.40 

m.u.· · 

'.Auger, 
A 

· 8.min. 

. 3.2 hr . 

$0.05 .... ·.·.·.,·. 

.16 

m.u. 

Feeder:, 
F 

No Op.· 

Cost 
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Cost Functions 

The form of the cost functions for the various methods is important, since 
the total cost is to be minimized in the optimal system, In linear programmingJ 
costs for each variable must be linear with the amount of use, However, methods 
have been developed for handling a non-linear cost in linear programming when the 
cost function is convex to the use axis, 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 solutj_on method r'or linear :programming naturally selects the lowest-cost 
variable first (use from 0 to.a, at minimum cost, c1) so that the solution will con­
taj_n the variables in their 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 costs are frequently discontinuous at 
zero use. If the equipment is not used7 it need not be purchased, and the cost 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, as shown by OAB in Figure 3, If these two 
linear segments were used to represent the variable in a cost-minimization problem7 

the segment with the least slope (AB) could appear in the ·solution without the seg­
ment representing the fixed cost, and the solution would not be correct. 

The cost :problem is simpler if the equipment is to be used a specified 
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 f1~w chart are of this type, the problem is simply one of finding the minimum­
cost path through a network with constant-cost branches. Several methods, mentioned 
later m1d,er 11 minimum-path methods, n are available for solving these relatively simple 
problems. 

In farm materials-handling systems, "multiple~use" equipment is common, 
that is, equipment which may be used in several processes. For example, a self­
unloading forage wagon may be used for many different processes in a materials­
handling system. Such multiple-use equipment poses a problem of determining the 
actual cost of a method using such a machine, since the fixed-cost allocation depends 
upon how many other uses of the machine are in the system. The number of uses of the 
machine determines the cost of the method, but it is difficult to determine whether 
to include a given method if its cost is in question.· 

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

n 

z = ·I: (1) 

i 1 
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USE 
b 

' .,.,. 

' i I 
I 
u 

• I 

c 

Figure 2. Approximation of a Convex Cost Function by Linear Segments 

TOTAL 
COST 

Fixed 
Cost 

G 

B 

AMOUNT OF USE 
Figure 3. Equipment Cost Flmctions 
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.n 

z = ... 2:: .·ci x1 +bi (f(xi)), 

i = l 

f (ti) = {I for u:> 0 ·· . ·. 
· 0 for u = o, 

Qi= the fixed cosiassociat~d with.xi, and. 

Ci =the unit operating.cost~SSOCiatedwithXi•. 

', (2) 

Equatioh 2 gives the total cost for the system, with the fixed cost of each variable 
Xi added on1y once for any value of xi greS;ter'than O. They pointed out that no com'."" 
putational algorithm hail developed for solV"ing such a problem. This paper presents. a 
method that does solve this problem in most cases, but tha:t does not guarantee the 
desired type of answer in a.J,l cases, as is explained later. ' 

( ' ' ' .·, 

Three general types of materials-handling problems were considered. . They 
are called minimum-path :problems., fixed-size problems with multiple-use machines, 
and variable -size problems. · Available minimurri-path methods solve the first type. · The 
unit-flow model,·which is the major topic of this paper, was developed to solve the 
second type. Further restrictions on thefixed...,size problem andproblems·involving 
variable sizes of enterprises require methods for integer solutions to linear programs. . ., . ' ' . . . . . . 

Minimum ..:pa.th.·. Methods. 

As pr~viously mentioned., one type of minimum-path probl~m involves a fixed 
amount of material to be handled by each method, and nomultiple us~ of equipment . 
between processes. If the fixed costs·of multiple-use; equipmentare'negligible,. 
multiple usage ')11.aY be iriclud.e_d; ·and 'if' the fixed 'costs e>f all equipment are negli­
gible, the ma.terial to be hand.led maybe variable_withiri_the problem~ However, the 
negligible fixed-cost assurription is· seldom. realistic. Solutions for rrdP,imu:in labor, .. ·· 
energy, or capital are readily found with minimum..:.path methods. · 

. .. ' ·. ' . . ·. ' ·.. .. . 

Many alg~rithms are 8.vaila~le for soivi!ig miD.:i.mumc.;path problems. 'The smaller 
problems can be solved manualiy, 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 ?eart (20) described others. 

The Unit-Flow Model 
• ' • < ••••• ; 

. In this research the 'dnit-flow model was developed to hand.le fixed-size 
problems with multiple-use equipment. The unit-flow m,~del is a linear programming 
model so constructed that tbe solution, except inrare cases, is the single-path sys-
tem with the minimutn total of operating costs and f' ixed costs. ' 

Ciassification·o~ Equi;ement According to Use. The' f:i.rs~ st~p in construct­
ing this' model is to list on the flow.chart the equipment and buildings to be adQ.ed or modified.··.. A good deal of engineering effort . mµst precede this step, because.· all 



-9-

reasonable methods of perfonning the various processeg mugt be considered and their 
interrelationshipEJ 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 designation (in parentheses), and brief description are listed on the directed 
link for each method .. The flow chart of Figure 4 is used for illustration purposes. 

Equipment is classified according to use as (1) single-use, (2) must-mie; 
(3) multiple-ordered-use, or (4) multiple-use. To aid in describing these terms 
precisely, the following definitions of 11parallel 11 and "series" are used. 

Parallel - A group of methods or a group of uses of a single machine 
is 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 single machine is in 
series if more than one method or use of the machine can 
be a part of one single-path system. 

A machine is a single -use machine if all its uses are parallel. In Figure 4, 
E, K, 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 must-use machine is 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-uge machine 
has no bearing on which system is the least-cost, and it may be neglected., added to 
the optimal system, or added to all methods in one process, such as Method.s l and 2 
for Machine -"""" 

A machine has multiple-ordered-use if its uses are in series,and the use 
nearest the origin node must.be in any path including subsequent uses. Machine G has 
multiple-ordered-use in Figure 4, because it cannot appear in a system unless Method 2 
is in the system. This method is called ttie "initial" method for multiple-ordered­
use Machine G. The fixed cost of a multiple-ordered-use item is added to the operat­
ing cost of its initial method. 

A multiple-use machine has two or more series uses that may each be in a 
system without the other. Machines BJ C, and L, in Figure 4, are multiple-use 
machines. Methods l ani 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 is n::i correct nlace on the flow <::hart to assign the 
multiple-uge item, and this is the crux of the optimizing problem. 
this problem lies in constructing separate "purchase variahles 11 for 
machines and assuring an integer solution for these variables. 

fixed cost of a 
The solution of 
the multiple-use 

Costs of Individual Methods. Once the equipment is classified according 
to use, the fixed costs of all except multiple-use equipment are added to the operate. 

. ing costs of the appropriate method as specified above. These combined cost's are 
rE!ferred to as method costs. The man mid machine process charts constructed for the 
alternative methods help to determine detailed costs. It i.s helpful at this point 
to designate all multiple~use equipment on the flow chart} as has been done by under­
lining on Figure 4. 



1. A B C 
Auger wagon 
(shelled corn) 

2. A t G 
Dump wagon 
(ear corn) . 

.. 
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3. (M, E) . 
Automatic mill 

4. (A, M, K) 
Tractor mill 

5 • (A, G, K, M) 

6,; (C, G, H) 

7. (A, B) 
. -

uger wagon 

8. (D) 

9. (A, L, C) 
Dump wagon 

in town and truck 

/ · 

Figure 4. Example Flow Chart With Equipment Designations.· 
. .. - - .. . 

7. • $60. (B) - $70. 

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

5. - $300. 

2. - $180. L 6. - $500. 

9. - $70 • .(C,L) • 
30.' 

(C) - $30. 

Figure 5. Revised FlOw Chart With- Multiple-Use Machines and Costs 
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After these meth_od 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 
a~l multiple-use equipment used by a lower-cost method in the group. In Figure 4, 
Methods 3 and 4 have no multiple-use equipment and Method 4.costs·more, so it may 
be eliminated from further consideration. Methods l and 3 are then combined and 
called Method L 

Figure 5 shows the revised flow chart after the methods have been elimi­
ng,ted 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. 

Variables. Each method is represented by a variable, Xi, which equals 
the number of u11i ts of material handled by Method _:h. These variables are called 
"method variables. 11 

Each multiple-US·9 machine is represented by a variable, xJ, which equals 
the number of units of Machine J that are to be used or :purchased. These variables 
are called "purchase variables. 0 

The mathematical model. After the alternative methods have been designed, 
the flow chart constructed, the equipment classified according to use, the fixed 
and operating costs allocated, and the variables named, construction of the mathe­
matical model is relatively simple. The mathematical model consists of a set of 
linear equations and inequalities. 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 lUli t through a method as the amoUJ.i.t of material used in determining the cost 
of that TI).ethod. 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. This definition does not limit or approximate the model, 
as costs are based on the actual amounts and types of material handled in each proc­
ess. 

In a network of Q_ nodes, n-1 independent 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: 

x1 + X2 = l. (3) 

X2 - x5 - X6 o. ( 4) 

x1 + x5 - x7 - xs -~ = o. (5) 

The purcha.se 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 x1 or x7 equals one, xB should also equal one, since 
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Machine B is needed for either method. The following two inequalities accomplish 
this: 

-XB < 0. 

Similarly, for machine L, two inequalities are formed: 

(6) 

(7). 

(8) 

(9) 

One inequality Js required for each possible I'arallel group of uses for 
each rimltiple'.""usemachine. For example, the following inequalities are_ necessary 
f'or Machine c, since (x1, :ic6) and (x6, x9) are all the :Possible'parallel groups of 
methods using Machine C: · 

Xl + x6 -xc ::::::; 0. (10) 

x6 + X9 -xc <: o. '(11) 

The iriequal~ty sign is used rather than equality so that the purchase variable may 
equal one.while the method variables· in one inequality are zero. 

' .. .: . ..'. . : . . 

In the cost eq~ation, the aririual 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 equatio:n is as 
follows: · . 

35ox1 + 18042 + 3oox5 '. 5oox6 + 6ox7 + 8ox8 + 70~ + 7oxB + 30xc 

+ 40xL ; z = cost (to be Ill.inimized): 

Solutions. A materials-handling problem formulated in this way and sub­
mitted to' the.· simplex algoritllin of solving a linear programming problem yields an 
optimal solution with e8.ch variahle usually _equal to either zero or one. Non­
integer values for the Solutions are not desirab.le because theymean that' part of 
the material should be handled by one method and part by another method; Even 
worse, a fractional ·solution for a purchas_e variable means.the purchase. of part.of 
a machine, which is an u,.~realistic solution for the usual materials-handling equip~·· 
~rl. . . . 

Although non-integer solutions are mathematieally possible, a study of. 
the problem ,shows 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 process; while in another process, 
each is part of one of two parallel or 11 competing 11 .methods. This situation in its 
simplest form is shown in Figure 6, Seco1id, in addition to the first requirement,, 
the following cost relationship must hold to produce a non-integer solution: 

(c2 - c1)<(cT+cA -(c4+ cB))<(c1 - c2)>0, 
or (cl - c2) ::;? I c3 + cA - ( c4 + CB) I· 



(A,B) 

· Figure 6. Simplest Flow Chart Required for 
Possible Non-Integer 

Because of these cost relationships and the unlikely nature •. bf this ~ype 
of multiple-use machine place.men_t on a flow chart, the possi"bility f()r non'.""integer 
solution~ is not believed.to be a significaJ:lt disadvantage of the unit-:flqwmethod~ 

Information··ih addition to design~tion 9f the optimum. syste1lt JtlaY/be <bh­
tained with this method. Cost. of one specific method or of one multi;ple-use machine 
may be varied automatically with some available linear programm.ing computer. routines. 
The m.ax1mµm co$t at. which a particUlar method or machine is included i:rt .the optimal 
solution is valuable information. · 

During.the research work on the unit-flow model, several problems were 
set up. and solved .. They rangedin size from small problems that were. computedr1i.anu­
ally to tW"o larger problems handled on .the Datatron 220 .. The la!'gest pro"l;Jlemwas · 
constructed yith data from a,n actual 289-acre grain-hog farm in IrJ.dia,na. ..·.· · ..• ·.· .· .. ·.· .. · 
chart. con~a~!led 82;944 different complete systems. .Different methop:s of co!lveying 
mater.ials acsplJ1lted for many of the a,lterna.tiyes ... It ya,s ,genera~1y not ,possii)le. 
to choose one .best conveying method pecause o.f the variety of materials haJ:idled~ 
Even mo:re a1ternative conveying methods woUld have been feasible on~ :f'arm with the 
feeding area closer to the feed storage area. On this farm the tvro were about half 
a mile apart. · 

Once the alternative materials-handli,ng methods were designed, th: flow 
chart construct<=dand the costs (!OllJ.puted, writing .of t~e. equatio.n$ for the; unit-

. flow mpde1 .poo¥ Pn1Y .•. ~· .. shor:t·.t:l.~e--less. );ha!l.three hpiys 0 .. Qf· .•. course;, the :L.:qitial 
design.·. a.na..·.cost · .• work was constd,e.rable ana.····.·±mportanp+ •b11t it wouJ_a. .. :nav~·.·.•be~n<rieces­
sary for .. ·.·.~ny type .. o:t' a.rialysis. .computer operaliing ·time ·on. a.patatron220>totaled 
less than. f?UJ7lao11r,S,. a,nd .-this is .considered a medium-speed machine .. The size of 
the problellJ.required.data to be stored on a magnetic tape unit, andthai; greatly 
reduced acce$s ··speed. · · 

The flow. chart for the full-size problem is shown in figure .71 and the 
methods in the optimal system are sta~red~ Table .. III lists the· multiple-use machines 
by index letters .. used on .the.· flow. chart .• and gives their annual fix<=d•cost~ .. >Costs .. 
for .the. feed gr~nding alt~r~attves were. $3. 00 per ton for .. on~the"-f'arm custom grind­
ing, a,na.. $2.QO pet ton ·ay<a 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 iJhat the pr9gramming solution method makes all these d1oices,. in 
effect, simultaneouslyandconsiders the interrelationshipsamoI1gall the choices. 
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* Optimal System .<. Method No. 
·.·. •. . ~Index of Multiple-Use Machines 

1- (l F U) · $333. 91--- Method Cost 

Baler, trailing wagon 

aler, truck & loader 

us 
Baler, ejector ( forage wagon 

Chopper & .forage wagon 

D 355.4 

dump wagon 

Chopper, dump truck 

Straw, 5 7 T., Field to Storage 

9 - T 
Truck 

Auger wagon 

. l ·- U D 

Dump wagon 

Fertilizer, 2T. , 
Town to Field 

16 - T U 
Auger wagon 

17...: U D 
Dump wagon 

*18 - u s 
Forage wagon 
19 - (T) 

·Truck 

Grain,_431 T., 
Field to Dr..Y.£!:.._ 

1.96 

2.78 

2.85 

105.12 

105.12 

105.12 

113.28 

487.45 

arden Tract. scrape 

*8 - (U) 446.80 

Utility tract. scraper, elev. 

Manure, 1092 T., Floor to 
Spreader 

12 - T 

Truck, bags 

13 - U F 

28.60 

25.37 

Flat-bed wagon, bags 

*14 - W A U .27. 28 

Auger wagon 

15 48.28 

Dealer's tank, liquid 

F.ertilizer & Seed, 2 0 T. , 
Storage to Pla'nter .. 

20 2184.71 ~........, ______ ........,......,-....;;;;--..~ i 

Storage system #1 .· 

__..2..-1_-__....I...,. .......____.l...,.9-=4...,5..........,7 3.._· ..... ~ j 
Storage system #2 

*22 .... I 1821. 78 

Storage system #3 

-.-2~3--__.~I=A~--1~82=9~·~7~0--~l 
Storage system #4 

Grain, 431 T. & Suppl., 50 T., 
.Dryer or Dealer to Storage· 

FJgure 7. Plow Chart :for Corn'."" Hog Farm 



109.25 

25 - G 119.56 
Tractor grinder 

6 179.55 
No grinding 

No grinding 

3 - M B 
Automatic grinder 

No grinding 

No grinding 

·Grain & Supplement, 400 T., 
Processed for Hogs 

-15-

36 - TA $207.10 
Truck 8 town grinder 

16.60 

39 180.00 
Custom grinder 

40 ... T 207.10 
Truck, town grinder 

4 - M 
Automatic grinder 

Custom grinder 

44 - (T} 201 .ro 
Truck, town grinder 

45 - M B 21.48 
Automatic grinder 

B 23.09 

47 - (B) 185.05 

Custom grinder 
48 - (T) 207.10 

Truck, town grinder 

21.75 

51 - B 183.71 
Custom grinder 

Grain & Supplement, 60 T., 
Processed forSows & Pigs 

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

q 

q 

·© 

q 
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Auger Wagon 

53 - D 423.18 
Dump wagon 

54 .. 430.22 
Truck 

*55 - w u. 417.72 
Auger wagon 

460 

57 - TA 458.60 
Truck 

Feed, Processing Area to Feeders 

·Figure 7.., {conti.nued) Flow Chart for Corn-HQg Farm 
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Table III. Multiple-Use Machines Listed on 
Flow Chart of Figure 7 

Machine 

Annual 
Fixed 
Cost Index Machine 

Annual 
Fixed 
Cost 

T - Dump truck $489.50 F - Ela t-bed wagon $36.50 

96.80 

48.90 

W - Auger wagon 

I - Inclined chain 
elevator. 

A - Portable auger 

M - Automatic mixer­
gr incler & auger 

C-- Hartz. chain conveyor 

71.00 

48.30 

23.30 

88.77 

30.75 

U - Utility tractor 

D -' Dump-bed wagon 

S - Self-unloading 
forage wagon 

G - Tractor-powered 
grrnder & feed 
meters 

B - Hoppered overhead 
bin 

76.07 

69.00 

36.80 

Summary of procedure for the unit-flow model. The unit-fiow model de­
veloped in thi.s research is believed to be a useful tool for selecting minimum­
cost materials-handling systems for fixed-size operations with possibilities for 
multiple use of machines. The procedure for setting up and solving such problems 
is summarized here: 

1. Necessary processes are established 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 ch?-rts, arnl cost data are obtained and calculated. 

3. The flow chart is constructed} and necessary machines are 
listed for each method. 

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

5. Method costs, including operating costs and fixed costs of the 
appropriate machines, are computed. 

6. Methods connecting the same pair of nodes are compared; and 
when any method uses all the multiple-use machines specified 
in a lower-cost method, the higher-c6st one is eliminated. 

7. Network equations, purchase inequalities, and the cost equation 
are wTitten to form a linear programming problem. 
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8. T.he problem is solved by using the simplex algorithm, which 
is available for·practically all digital computers. 

9. For selected multiple-use machines or for certain methods of 
particular interest, cost figures may be varied and the prob­
lem re-run until the maxim.um. cost is 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 restrictions on the fixed-size ]2_roblem. In a fixed-size materials­
handling 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 read.ily 8.a.ded to the line~r programming model. A linear inequality 
is written which states the desired limitation. For example, in the problem shown 
in Figure 5, suppose the initial capital expenditure for Machines B, C, and L are 
$100; $300, and $400, respectively, and the maximum :permissible capital outlay is 
specified as $1,000. T.he appropriate inequality would be added to the original set 
of equations and inequalities as follows: 

700X£ + 3ooxc + 400xL <: 1000. 

Labor restrictions would be handled similarly. 

The linear programming solutions to such problems will rarely give the de­
sired zero and unity values for the variables. A recently developed algorithm by 
Gomory (7, 8) or one by Land and Doig (12) may be applied to the problem of finding 
integer-valued solutions to linear programming problems. With .formulation of the 
problem in the unit-flow model, integer-valued solutions will be zero -and unity solu­
tions. Actually, computer prog~ams for the integer-solution method are still in the 
process of development, but they hold promise of greatly widening the scope of prob­
lems capable of solution by linear programming methods. 

Selection of optimal enterprises and equipment--variable-size :problems. 
The use of linear programming for selecting farm enterprise levels for an optimal 
management program is a well-established part of agricultural economics research 
and practice. In such models the variables are amounts of activities, such as hog 
:produ9tion under a given management system, corn :production, corn selling or buying, 
fertilizer useJ and. any other farm management activity desir2d in. the model. The 
constraints, or equations and inequalities describing the :problem, are usually based 
on limiting factors of production, such as land, labor, housing :facilities, and 
capital. A constant profit or cost 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 several linear func­
tions. 

T.he use of integer solut.ion methods for linear :programs makes it possible 
to handle decreasing-cost functio~s, such as equ.:!:J?ment costs composed of both fixed 
and operating costs. 
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As is shown by one of the authors (l5)} the flow chart) equations similar 
to the network equations of .th,e urlit-flow model, and a set of purchase inequalities 
may be used to specify a materials-handling problem when the amount of various farm 
er:terprises is unknown and is actually selected by the linear programming method. 
Again the integer-solution method must be used to obtain zero or unity answers for 
the machine purchase variables. This technique shows possibilities of 'being effec­
tive not orilyfor determining optimal levels of farm enterprises, put at the same 
time for determining the optimal materials~handling 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 applications feas:i-ble. The integer 
solution method ts an important tool fOr dealing with a large group.of problems; 
of which these applications to farm materials--handling systems are but a part. 

Value of' a Mathematical Method 

A .mathematical method of selecting an optii.nal materials-handling system 
has several advantages as an aid. in system synthesis. A mathematical model can 
describe the entire.system so that .selection need not be made on a process-by­
process basis. This allaws recognition of interrelationships between all parts of 

· the .sy.stem, such as. multiple U:se of a machine in different processes. J3y being 
.able to describe and select systems as a whole, rather than piecewise, mathematical 
programming can make a major contribution in optimizing materials-handling system9-.i 

A mathematical model encourages the concise and complete statement of the 
problem and the variables. It promotes objective decision-making. Subjective de­
cisions will continue to be made in the original design of alternative systems, but 
a model capable of' handling many variables allows many more. factors to be quanti-
fied. · · 

A mathematical method that is effici~ntly programmed for solution on a 
digital computer .saves computation time and allows larger problems to pe studied. 
The increasing availability of computers at colleges ar;ld universities. and in busi-; 
ness firms makes possible the general use of such a method. A rriathematicaimethod 
may permit.analysis of' the sensitivity of the solution to changes in costs or other 
coefficients of the problem. Such an analysis would be as valuable as the optimal 
solution itself. 

The usefulness and ease of application of the models studied and developed 
in this research.justify further research in their application and in the theory of 
various models. The unit-flow model could be used effectively to determine recom­
mended sygtems for typical s.izes and types of fa.rms. For exampie, the optimum sys..., 
tem for a 200-head cattle-feeding operation on a 240-acre farmwith CCSOCl rotation 
could be 'determined. A typical building and equipment situ13.tion could.. be used, or · 

. . - . . . . . <.. - . . · .. 

no .buildings could be assumed, in which case tb.e mirij_mum:-cO'st sy.stem of new build-
. ings and equipment would. be determined; Accurate data on labor requirements and 
co.sts are needed for the various methods. ' 

It is possible that in the future the method could.be economiGallyapplied· 
to specific farmsteads by' farm feed arid equipme:ri.t distributors or by farm managers, 
using computers available privately or through universitles .. Actual cost of pro7' · 
posed nE'.w equipment or buildings woul.d be available, and the farmer could make a 
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good estimate of hif.~ own labor requirements. Linear programming is currently being 
used on individual farms by farm management consultants to select enterprises, and 
its extension to equipment selectfon is logical. 

Further re search should be cond.ucted in a.eve loping methods of applying 
integer-solution techniques to problems of determining optimllili enterprises and 
materials-handling systems on actual-slze probleml.'l. This is a large problem and 
cou1d benefit from research by many individuals in various departments. 
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