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ABSTRACT
Bruce D. Narsted
A SYSTEMS ANALYSIS OF SILAGE CORN HARVESTING METHODS
AND ECONOMICS FOR SOUTHWESTERN QUEBEC

A computer program utilizing CPM (Critical Path
Management) was developed to calculate costs and capacities
for 24 silage corn harvesting machine systems. A brief work
study was done to provide data on individual machines.
Network diagrams were used to represent tactical combinations
of machines. The economics of the 2% systems were calculated,
using the program, for several enterprize sizes.

The sensitivity of the 24 systems to changes in hauling
distance, load weight and forage chopper field efficiency was
studied. Based on variations found in the werk study, both
hauling distance and load weight were found to be relatively
important to system costs. Differences Between individual
machine systems were explained by a 'criticality report'.

Possibilities for optimization, taking into account
weather and crop factors, were examined. Lack of adequate
data on crop value seasonal variation and lack of confidence
in the model of weather interference prevented the completion

of a proposed computerized optimization.
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I INTRODUCTION

Forage chopping done on the farm is becoming a major
source of stored feed on Quebec dairy farms. Corn silage
is one of the maﬁor constituents. Over the three year
period 1966 to 1968, the acreage of silage corn grown in
Quebec increased over 14 percent; from 73,854 acres in 1966,
to 86,000 acres in 1968 (1, 1l).

There are problems of an economic and management nature
associated with Quebec dairy farm operations. Several
government studies have recognizeq this and comment that the
dairy farm is a low return enterprise (59, 61). This fact
coupled with the "cost-price squeeze" documented by the
Royal Commission on Farm Machinery (51) make it imperative
that the farmer select the best field machine complement for
his farm. He must also operate his machines to get the most
out of the machine system he has chosen.

To analyse the effect of various machinery management
input parameters on silage-corn harvesting, a mathematical
model incorporating machinery costs and capacities is
required in order to state the problem as precisely as
possible. When this has been done, a knowledge of

individual machine capacities can be used to determine the



rate at which a machinery combination or system can do a
particular job. The rate or capacity of the system
determines the time and the cost to do a job of a specified
size; in this instance, harvest a silage corn crop of a
particular acreage and yield. The time taken to harvest the
crop may or may not be critical to the economics of
harvesting. This depends on the crop value versus time
function and weather interference as well as cost factors.

Through computer modelling, industry has been able to
answer many questions surrounding complex operations (64, 18).
It is possible to develop a simiiar computer model to
determine theoretical performance of a number of harvesting
systems and to select those systems which are economically
desirable. A computer model is necessary because of the
large number of different systems available to do the job
and because a sensitivity analysis of system performance
requires that calculations be repeated several times with
incremental changes in only one variable. Because the
machines in a silage-~corn harvesting system are involved in
a complexity of operations, the system cannot'be represented
using ordinary mathematics. The operations research
techniques of network diagramming and critical path methods
(CPM) can be used to model the harvesting systems (13). The
' resulting networks and the CPM algorithm can easily be

incorporated into the computer model.



Poor weather can delay silage-corn harvesting, possibly
to an even greater degree than the delay due to poor weather
experienced by hay harvesting. The problem is primarily one
of poor traction due to muddy field conditions during and
after a rain (39). An analysis of weather and how it
determines soil moisture for a common southwestern Quebec
soil type can give an indication of the length of delay, due
to poor field conditions, that would be incurred with a
particular silage-corn harvesting system. It is also
possible that there might be significant differences in the
duration of the delay experienced in several different
locations in Quebec due to differing weather patterns.

The costs and harvest times of the economically feasible
systems may be affected significantly by incremental varia-
tions of selected input parameters. This could be studied
by running the harvest-systems computer model several times,
each time with an incremental change in the parameter being
studied. It may then be possible to determine the importance
of particular types of farm and machinery factors to the
productivity of the various harvesting systems. Some of the
more obvious factors include: hauling distance from field
to storage, field machine index (50), and observed machine
operating capacity which may be treated as a function of

operator ability (62) or as a function of field size and

shape.



The value of the systems approach to the study of field
machinery operations has been recognized by Donaldson and
others (14, 63). One of the major benefits of the systems
approach is that it forces quantification of certain
problems that were previously only subjectively understood,
if they were understood at all. The intent here is to
examine the benefits of taking just such an approach to the
problem of silage-corn harvesting as it confronts the

Quebec dairy farmer.



II OBJECTIVES

A. To develop a computer model, incorporating critical
path and network analysis techniques, of observed and
synthesized field-machine combinations and methods for

harvesting silage-corn.

B. To use the computer model to study the sensitivity of
the costs and capacities of the harvesting systems to

variations of several selected input parameters.

C. To outline a possible method, using the cost informa-
tion developed by the model in conjunction with crop value
information and weather pattern information, for selecting

the economic optimum machinery combination.



ITT REVIEW OF LITERATURE

In the last twenty-five years, the amount of research
done on farm machinery management has increased radically.
Seferovich (55) in 1962 presented a review of the develop-
ment and growth of farm machinery management research to
that year. He stated that early research efforts just
after the second world war were of the budgetary or
analytical type. He showed how, in the late fifties, the
econometric synthesis approach had been developed by
Barnes (6) and later by Hunt (21). The next approach taken
was the use of system analysis and in this connection
Seferovich mentioned the work by MacHardy (31).

In the vears from 1960 to 1968, the advent of low
cost, high-speed computing has allowed a considerable
number of computerized systems studies of farm machinery
management. These computerized studies incorporated a
great number of factors that could not previously -be
handled. The resulting complexity of the problem necessi-
tated the systems approach. The systems approach as
defined here involves the use of one or more of the tools
of operations research to analyse the operation or enter-
prise under study.

Among the first of these computerized systems studies

were the studies by Peart et al (44) and MacHardy (32).



Later work was done by Link (28), Hunt (22), Fuller (17),
Preston (46) and Stapleton (57).

Peart et al (44) used linear programming and network
techniques to study farmstead materials handling equipment.
MacHardy (32) studied a wide range of techniques applied to
the total farm management problem. His later work (33) used
queing theory and Monte Carlo simulated sampling of weather
data to select machinery for weather dependent operations.

Link (23) took the commendable approach of trying to
account for the total farm operation in selecting machinery
for a specific task- That is, he tried to account for other
farm operations competing for the same equipment and labor..
The techniques he used were primarily network techniques.

Hunt (22) developed a general computer program for
harvesting machinery selection. The econometric basis for
it was explained in his previous paper (21). An important
highlight of this paper was Hunt's development and use of a
timeliness factor to account for the variation in crop value
with the passage of the harvest season. It assumed that
crop value decreases linearly after the start of harvest.

Fuller (17) developed a FORTRAN simulator for forage
harvesting. He accounted for weather on a probabilistic
basis. Preston (46) used a very interesting network
technique, referred to as SPNA or shortest-path-network-

algorithm, to find optimum irrigation methods. This same



technique was used very effectively by Fluck (16) to optimize
sweet potato harvesting and handling.

Stapleton (57) used techniques similar to those of
Hunt (22) to select cotton harvesting equipment. During this
period, a great number of readily usable computer programs,
utilizing one or more of the techniques mentioned above,
were developed for management use by extension workers or
professional farm managers. A fairly complete list of these
programs was made by Nelson and Bowers (43).

Since 1968, the number of papers presented dealing with
farm machinery management has mushroomed. Among them are
papers by economists such as Hogland (19), Scott (53) and an
excellent multidisciplinary study by Holtman ét al (20) and
by engineers such as Morey (39, 40, 41), Carpenter and
Brooker (10), Von Bargen and Peart (63) and Millier and
Rehkugler (36). At least one paper was written by an
extension worker (Moggach (37)). |

There are only a few operations research techniques
that have been used with any degree of success to model forage
harvesting machinery. Fuller (17) used simulation techniques
to model all types of forage harvesting except silage corn.
In this way he was able to account for the effect of weather
and the variation of yield and crop value while studying the
performance of a specific machine system. Coupland (13)

used critical path networks to determine the performance of



hay-baling systems. This allowed any type of hay-baling
machine system to be studied, whether its performance in the
field had been observed or not, as long as the operation
times of individual machines were known. An explanation of
all the various network techniques and how they could apply
to agricultural machinery management was made by Pearf et al
(45); however, he did not recognize its usefulness in studying
the performance of a tactical combination of machinery. A
tactical combination of machinery is defined here as a
specific operating combination of machinery which can be
changed into another tactical combination simply by altering
the way in which one or more of the machines are used. A
strategic combination of machinery is defined here as one
which can only be changed by chaﬁging one or more of the
machines, (e.g. buying a new and bigger forage harvester).
While most of the machinery systems studies have
included some sénsitivity analysis, they were primarily
concerned with the change in system performance resulting
from a change in one or more of the cost inputs. A typical
example is the study of forage harvesting, storing, and
feeding systems done by Taylor and Barr (60). They considered
80 alternative machinery systems to harvest ail types of
forage crops, including silage corn, for a representative
dairy farm at 30 and 70 cow herd sizes. Each system was
compared on a profits-earned basis. They studied the

sensitivity of the machine systems profit to changes in the
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cost of labor.  Similarly, Morey et al (41) studied the
sensitivity of the optimum policy for corn harvesting to
changes in custom harvesting charges.

Only a few studies have been done to determine the
sensitivity of machine system performance to factors charac-
teristic of a farm's physical layout or an operatof's'
tactical management ability. Von Bargen (62) studied the
individual performance of hay harvesting systems to dif-
ferences in operator ability. Von Bargen (63) in a later
simulation study, examined in detail variations in tactical
operating policies for corn planting systems.

Machinery selection is only one aspect of machinery
management. Selection, however, implies the use of an
optimizing method. Previous machinery selection studies
have been of two basic types. The first type used a general
cost versus capacity function and then selected, via some
optimization technique, the optimum capacity for a particu-
lar size and type of operation or enterprise. The second
type started with a finite number of machine systems with
known costs and capacities, applied them to a particular
size and type of enterprise and then found the optimum
system. An example of the first type of optimization study
is that by MacHardy (34). He developed cost information on
a general basis, using a linear relationship between size
and price of machines. He found the minimum cost combination

using calculus and Lagrange multipliers. Hunt's (21) early
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work is also an example of this kind of machinery selection
study. The study by Taylor and Barr (60), previously outlined,
is a good example of the second type of machinery selection
study as is the work by Fluck (16). The difficulty with the
first type of study is that of finding a real machine system
with the optimum capacity and having costs equal to or lower
than those assumed. The second type of study also has a
difficulty. Once the optimum system is found, unless the
researcher has been very thorough, he cannot be sure that a

better system does not exist.
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Iv INPUT FOR HARVEST SYSTEM MODEL

The model of silage-corn harvesting developed herein
requires three kinds of input information. This input would
include data on the types and material processing and handling
capabilities of the machinery used. It would include data on
both the capital and operating costs of this machinery and a
method of accounting fo: these costs. It would also include
information on how these machines interact with one-another
on a time scheduling basis. To represent this latter

information the special tool of the activity network is

introduced.

A. Machinery and Capacities

Machinery capacity is expressed generally as a rate,-
a rate of doing work. It is thus a dynamic time oriented
characteristic, as opposed to a static capacity such as the
volume of a grain tank on a combine. Two of the commonest
measures of agricultural field machinery éapacity are
expressed as acres per hour and tons of crop handled per
hour.

Donaldson (1l4) recognized that the capacity of farm
machinery should be conditioned by an adjective. He

mentioned the use of maximum capacity, expected capacity
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and excess capacity. Other capacities are maximum theoretical
capacity, optimum capacity and observed capacity. Maximum 4
theoretical capacity is the capacity of the machine calculated
on a theoretical basis, taking into account only the physical
dimensions and limitations on material strength. Optimum
capacity is that capacity which results in the optimum
economic operation of the machine. Expected capacity is that
capacity which is the mean of a sufficiently large statistical
sample of observed capacities. Observed capacity is the
capacity of the machine determined in a single observation.

The A.S.A.E. has also defined two other measures of
capacity (4). These are 'Effective Field Capacity' which is
defined as the actual rate of performance in terms of land
or crop processed in a given time, based upon total field
time, and 'Theoretical Field Capacity' which is defined as
the rate of performance obtained if a machine performs its
function 100 percent of the time at the rated operating speed
using 100 percent of its rated width.

The observed capacity of a machine is dependent on
three factors. These are; physical design of the machine
(that is the maximum theoretical capacity), the efficiency
of control of the machine's operation, and the operating
environment (which would include variations in the properties
of the product being processed). For most industrial and
commercial machinery the possible adverse effects of the

latter two factors are minimized to a great extent. The
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machine is controlled automatically, sometimes by a computer.
The machine's operating environment may also be brought to
an optimum by housing it.

The expected operating capacity of an agricultural field
machine, the capacity realized by mcst farmers, may differ by
a significant amount from the optimum and maximum theoretical
capacity of the machine. In turn, the observed capacity on
a particular farm at a particular time may also differ
significantly from the expected capacity. This is due to
large variations in the efficiency of control and variations
of the operating environment, which are not usually found in
the case of industrial machinery. Most present-day farm
field machinery is man-operated. The effects of variations
in operator ability have been described by Von Bargen for
hay balers (62). Environmental variations and their effeects
on field machine observed capacity have similarly been
reported (13, 49, 47). Here, such factors as soil
trafficability, field size and shape and crop variations
have been studied.

In order to gain an understanding of some of the
problems involved in silage-corn haryesting and to obtain
an indication of the range of capacities of the machinery
being used, a work study of silage-corn harvesting was
conducted on a randomly chosen group of farms in south-
western Quebec. As it was not the purpose of this study to

make an accurate determination of expected capacity, only
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five farms were visited for a total of ten days of observations.
Weights of material handled by the machinery were studied in
sequences. Each sequence consisted of the operations of
chopping enough to fill one wagon, hauling that wagon to the
silo, unloading the wagon into the silo and returning it to

the field. The three kinds of machinery observed were forage
choppers, self-unloading wagons and forage blowers. Further
discussion in this chapter is confined to each of the above
mentioned machines in turn.

The partially reduced data taken in the work study are

listed in tabular form in Appendix A.
Forage Choppers

The forage chopper is the central machine in the harvesting
system. It is usually towed by a tractor and is usually powered
from the tractor's power-take-off shaft. It can cut and chop
simultaneously one or two and on some machines three rows of
corn, depending on the header unit attached to it. Most manu-
facturers have focur header unit options; one-row corn head,
two-row corn head, windrow header and a sickle-bar direct cut
header. The chopping unit may have a reel (cylindrical) type
cutterhead or a flywheél type cutterhead. The theoretical
length of chop is usually varied by varying the ratio between
the cutterhead speed and the feed mechanism speed. The cutter-

head also acts as a blower-imPeller, although some units have



16

a separate blower-impeller, which conveys the chopped material
into a wagon which is usually towed by the chopper.

According to calculations made using data on power
requirements from ASAE D 230.2 (3), between 32.8 and 82.0 pto
hp would be required for the largest of the observed forage
choppers. These figures are obtained by multiplying the unit
power requirement limits of 1.0 and 2.5 hp-hr per ton, taken
from Table 1, page 292 of (3), by the highest observed capacity
of 32.8 tons per hour, taken from Appendix A Farm Number 8.
These figures do not include an allowance for drawbar horse-
power required to tow both harvester and wagon. While most
of the farms visited were using tractors of over 50 pto
horsepower, a few were not. Unfortunately this aspect of the
effects of available power on forage chopper capacity was not
investigated during the work study. However, as a limiting
factor, available power was not subjectively apparent.

Two different sized forage choppers of the same manu-
facture were used in the development of the model of harvesting.
The capacity at which they were used in the model was one-half
that of the manufacturer's rating as it was apparent from the
work study that the farmers were getting about one-half of the

manufacturer's rating. These two machines and their associated

data are presented in Table 1.
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Table 1. Summary of Machine Capacities used in Development of

Harvest Model.

Forage Choppers

Capacity
Machine in Wet Tons Revised
Number = per hour FMI Type
1 20 0.85 International Harvester 350
l-row
2 40 0.92 International Harvester 550
2-row
Forage Blowers
L 20 1.00 New Holland 23
' Hopper type
5 35 1.00 New Holland 26

Hopper type

Self-Unloading Wagon ~ John Deere 214

Capacity: 5.00 wet tons at 3.00 mph for average hauling
distance of 0.25 miles (one way).

Assumed Conditions:

36 inch row spacing

75% moisture content (wet basis) of crop when harvested.
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Forage Blowers

Difficulties in determining the relationship between
rated capacity and observed capacity are encountered when
considering forage blowers as well as forage choppers. From
direct observation in the work study, it was seen that low
rates of unloading forage resulted from poor feeding of silage
into the blower hopper by the self-unloading wagon and some-
times from insufficient available power for the blower. Most
of the wagons were loaded too full and during the unloading
operation, large masses of silage would tumble over the top
beater of the wagon into the stream of silage going into the
hopper. The operator then had to be quick in holding back
the flow so as to prevent the blower from clogging. This
would usually happen six or seven times during unloading and
as a result depressed the observed blower capacity considerably.

There were exceptions. One of the observed machines
(blower C, Appendix A) was of the feed-table type. It had a
feed roll just in front of the blower fan. This roll smoothed
out any uneveness of feed. The result was a higher capacity
than most of the other machines observed in the work study.
Another blower (blower E, Appendix A) had a high capacity for
slightly different reasons. Due to soft soil conditions the
wagons were not loaded full. As a result uneven unloading did
not occur because the level of silage in the full wagon was

below the top beater.
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Two different sized blowers of similar manufacture were
used in the analysis. They are presented in Table 1 with

appropriate data.
Self-Unloading Wagons

The load capacity for self-unloading wagons observed in
the work study was around 3.50 tons for haylage and 5.00 tons
for silage-corn (due to the difference in moisture content of
the two crops). It was previously mentioned, however, that in
one case the capacity of the wagons was limited by soft soil
conditions while they were hitched behind the forage chopper.
Clark and Norris (12) recognized this as a problem and designéd
an automatic draft control for a self-powered forage wagon,
and in this way increased the mobility of the tractor-chopper-
wagon unit. No attempt, however, was made to correlate soil
conditions with hauling capacity of wagons in the work study
done for this thesis.

The travel rate of wagons being towed back to the silo
averaged at 3.00 mph. Variation was great with travel rates
ranging between 1.75 and 5.50 mph.

In the analysis, only one model of wagon, a John Deere
Model 214, was used. It had .a capacity of 5.00 tons (wet) of
corn silage. The hauling rate used was 3.00 mph. Increases
in hauling capacity in the model were gained by using one,

two, or three wagons in sequence with one or two towing tractors.
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Table 1 summarizes the capacity data for the machinery
considered in the analysis. Also noted, is the average
observed field-machine-index or FMI (originally defined by
Renoll (49)). According to Renoll's (49) definition., the FMI
is the ratio of operating time to the sum of operating time,
waiting time, breakdown time, and turning time at the end of
the rows. As waiting time was accounted for by the activity
networks in the model developed here, a revised definition of
field machine index was used. The revised FMI is the ratio of
operating time to the sum of operating time, turning time at
the end of the rows, and breakdown time. In the work study
the revised FMI is recalculated for the chopper for each
wagon load.

The revised FMI on the farms visited in the work study
varied between 0.75 and 0.94 for forage choppers. The observed
revised FMI was higher for two row choppers than for single
row choppers. It was also higher where the field was sufficient-

ly long so as to require fewer rows to fill a wagon.

B. Machinery Cost Analysis

It is desirable from the standpoint of readily usable
input for the computer model to use a costing method which
will result in a total cost per hour of operation of an
individual machine. It 1is also desirable that the costing

method be relatively simple and yet conform to generally

-
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accepted practice in agricultural machinery management.

To satisfy these requirements it was decided to use
the costing method suggested by ASAE D 230.2 (3). Some
variations on this method such as straight line depreciation

and addition of tractor fixed costs were also used in the

analysis.

Depreciation

Straight line depreciation over a ten year economic
life was used in order to simplify the model. At least two
other studies have.used straight line depreciation over ten
years for harvesting equipment (10, 16). A calculation
using the smallest set of machines at the largest acreage
studied (140 acres) also revealed that a machine would not
wear out (see Table 2, p. 294 (3)) before the end of the ten
year period.

The formula for depreciation using 10 percent of initial

list price as the salvage value is:

Dp = (Ci - 0.1Pl)/10 eeel
where
bp = depreciation cost per year
C; = list price less 8% (usual dealer discount (48))
Pl = list price
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Use of the actual price paid by the farmer in calculating
depreciation has been suggested by Morris (42) and more

recently by the ASAE D 230.2 (3).
Interest, Housing and Insurance

These items are all expressed as an annual charge based
on a percentage of remaining value. The percentage values
used are those suggested by the ASAE D 230.2 (3). They
are: |

Interest 8.0%
Housing 1.5%

Insurance 0.5%

TOTAL 10.0%
The formula for the annual charge is:

IHI = 0.10 (Ci - nDP) 0002

where

IHI annual charge for interest, housing and insurance

n = age of machine in years

Formula 2 is not to be taken as a functional relationship
since it is more likely that depreciation is actually
inversely proportional to housing costs; the more money spent

on housing, the lower the depreciation charges.
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Repairs and Maintenance

Several formulae are suggested by ASAE D 230.2 for
calculating total accumulated repairs. They are:

0.127(x)1'u for forage choppers and blowers ...3

TAR =
TAR = 0.159(x)1'u for self-unloading wagons -
where
TAR = total accumulated repairs as a percentage of
list price
X = total accumulated hours as a percentage of

lifetime hours

x is found from:

_ 10Y
x = 100 (-l_j?é.) esed
where

Y = yearly use in hours

life = wear out life in hours (see Table 2, p. 294 (3))

and Y is found from:

Y = fgfﬁ eeeb
p
where
At = total acres harvested per year
Yd = yield in tons/acre

capacity of machine in tons per hour (see Table 1)
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Repairs costs are then:

TAR%(P,)
R = e 2 7
p 10 * o0
where
RP = average yearly repair cost

Power Cost

From a random selection of several of the recent Nebraska
tests for varying load, diesel tractors averaged 12.0 hp-hr
per US gallon. When converted to Imperial measure, this figure
becomes approximately 14.5 hp-hr per Imperial gallon. Fuel

cost in Quebec is 22.0¢ per Imperial gallon. Power costs are

22.0¢/gallon - _
then found from 14,5 hp-hr/gallon 1.52¢ per hp-hr.

Annual power costs are then 1.52¢ per hp-hr + 8.85% of that for

crankcase oil = 1.65¢ per hp-hr.

so that

P, =382 x P x Y ...8
where

Pc = annual power cost in dollars

Pr = average power requirement in hp

In addition to calculating annual costs for each machine
for each level of usage, a portion of the fixed costs and
repairs and maintenance costs of the tractor must be added

to the cost of the machine it is powering. In this study the
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tractor by itself is presumed not to perform any useful
function and therefore must appear as an expense related to
machine useage.

Each of the machines considered are independent of one
another, that is, the cost of using a particular chopper is
not changed when a larger blower is used. This is not the case
for the self-unloading wagon. Its cost of use can change if it
is used with a different forage chopper. This is because the
number of hours of use per year of the wagon will depend on the
other machines in the system it is used with. It would make
more sense, then, to charge the cost of the wagon on an hourly
basis. In this case a forage wagon costing $2,075. and having
a life of 2500 hours would have a depreciation cost of $0.83
per hour. It is assumed for convenience that forage wagons
have no salvage value. ASAE D 230.2 (3) suggests that total
life costs of interest, housing and insurance may be estimated
as five percent of the list price. Total fixed costs per hour
for the wagon are then $0.87. Repairs and maintenance would
be 100 percent of the list price of the wagon over its life-
time, so their cost per hour would be $0.83. Repairs and
maintenance can, of course, only be charged while the wagon

is operating.
Labor Cost

The average wage without board to male laborers on farms
was $1.46 an hour in May 1971 (15) and in January 1972 it was

$1.51. Labor cost was then rounded to $1.50 an hour.
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Rather than charging this cost to each activity within the
harvesting system, the labor cost was charged to the system as
a whole. If one combination of tractors, forage choppers,
forage blowers and wagons used three men, then the unit labor
cost was multiplied by three, multiplied by the number of
working hours in a day and multiplied by the number of days to

complete the harvest.

C. Machinery Systems

A combination of machinery operated in an ordered or
logical sequence to produce or harvest a particular crop has
been defined by the ASAE (4) as a Crop Production Subsystem.
Corn silage harvesting and the required machinery is such a
subsystem. It will be referred to here, generally, as the
Machine System. The actual capacity of a machine system such
as this is not necessarily the same as the capacity of the
primary machine unit (in this case, the forage chopper). In
fact, the machine system capacity is nearly always less than
the capacity of the primary machine unit. This is because
individual operations in the subsystem are carried on both in
parallel and in series with one another (4). Consequently
some operations may be delayed as they depénd on previous
operations not yet completed.

Using the methods of classical mathematics, it is not

generally possible to model a system such as has been described.
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To model the time interdependencies of such a system, the
special tool of the activity ngtwork and its associated method
CPM (Critical Path Management) are introduced herein. There
are a large number of books available which describe the use
of the activity network and CPM. The one used extensively in
the development of the model is by Law and Lach (26). Another
excellent book on the subject is by Wiest and Levy (65).

One of the requirements in drawing an activity network is
that it and the project it represents must have a clear begin-
ning and end. To draw a network with a clear beginning and end
for silage corn harvesting would be tedious as the beginning
would come when the harvest is started and the end would come
when the entire crop was in storage. Instead of doing this,
the networks were drawn to represent the harvesting of ten
loads of corn silage. Coupland (13), in drawing similar net-
works for hay baling, used seven loads. However, it was felt
that a ten-load network enabled easier computing and attenuated
additional time effects at the beginning and the end of the
networks to a greater degree than seven would have. It would
have been somewhat more realistic to base the networks on a day
length of say eight hours of operation. However this 1is not’
feasible since the objective using CPM is to find the completion
time given the number of activities; it is not the objective to

find the number of jobs that can be done given a completion

time.
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The actual amount of silage harvested would depend on the
size of the individual load. The size of the load in tons
multiplied by ten, the number of loads, and divided by the
time in hours to harvest the ten loads (calculated by the
Critical Path Management algorithm) results in the machine
system capacity in tons per hour.

A single network can only be used to represent the
machinery system if the number and types of machines and the
way they work together on a time scheduling basis remains
constant. The introduction of another machine, such as having
two self-unloading wagons instead of one, or the changing of
the network logic, requires that another network be drawn.

Six networks were needed to represent all the machine systems
used in the model developed in the next chapter. The activity
networks themselves are shown in Figures 1, 2, 3, 4, 5 and 6.

Table 2 lists the requirements of men and machinery for each

network.
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. 101, . 102 . 103 . 104, . 105, .
DD - ~@eOe@
Hy Hio Uio

Notes:

1. Each circle is an event or node, the number is the node
number. For the computer program all node numbering
must start from 1. The arrows connecting each node are
activities. The number is the activity number. All
activity numbering must start from 101. The numbers do
not have to be sequential, but the node number of the
finish event of an activity must be greater than the node
number of the start event of that activity.

2. The key for activity descriptions is as follows:
o Chopping activity
H Hauling activity
U Unloading activity
R Returning activity
The dummy activity (required.to maintain network logic)

is a dashed arrow.
The subscripts on the activity letter codes denote the

sequence or load number.

Figures 1 and 2. "Activity Networks 1 and 2.

( Reference to Fig. 1 means Activity Network 1 while reference
to Fig. 2 means Activity Network 2. The two Figures were
drawn as one since logically they are the same.)
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Table 2. Network Machinery and Labor Requirements.

Number of Men and Machines Required

Network Forage Forage
Number Tractors Wagons Harvesters Blowers Men Comments

1 2 1 1 1 1 <| One tractor
remains on
blower.

2 3 1 1 1 1 One tractor
shared by
wagon and

3 3 2 1 1 2 forage
chopper.

y 4 2 1 1 3

5 3 3 1 1 2



35

v HARVEST SYSTEM COMPUTER MODEL DEVELOPMENT

A computerized model was developed to calculate the total
harvest cost and time for each of 24 machine systems to harvest
an increasing series of acreages and yields of silage corn.

The number of machine systems was arrived at by multiplying the
two forage chopper sizes available by the two forage blower
sizes available to give four machine combinations. Four
machine combinations multiplied by six activity networks give
24 machine systems. The progfam was written to allow easy
expansion to any number of machine systems.

The model first calculated the fixed costs, which included
depreciation, interest, housing and insurance charges for each
machine including tractors but excluding self-unloading wagons.
Then, starting with the first acreage and yield, all the
variable costs, except labor, associated with the activity of
chopping a wagon load of silage, as well as the time required,
were calculated. Following this, all similar. costs and times
were calculated for the hauling activity, the unloading activity
and the returning-of-the-wagon-to-the-field activity. These
costs and times were calculated for each size of machine that
could be involved.

Starting with the first machine system, a CPM algorithm
FORTRAN subroutine calculated the duration of the network and

the critical patk ( the critical path may be described as that path

or sequence of activities through the network which takes
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the longest time). It recorded the number of times a particular
type of aétivity (chopping, hauling, unloading, returning or
dummy activity) fell on the criticai path. The time required
to harvest the entire crop (based on an eight hour day), the
daily fixed costs, the network or 10 load cost, the daily
variable costs and the total harvest cost were then calculated.

A flow chart of the resulting FORTRAN main program is
given in Figure 7. A complete program listing with a key to
all the input variables and a list of the computer software
and hardware required are given in Appendix B. A complete
description of the program output follows in the next chapter

on the results of the initial run of the model's computer

program.
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Integer, Real and
Dimension statements

Read in all required data

Check correctness of
data for CPM networks

Is
PM Networn

Data
Correct
2

Write Error
Message

T SN—

Calculate individual o e G i s G e et Gt St S
machine fixed costs

(Call Subroutine FCOST) [ e e ——

] Provision for altering

_ lone of the input variableg
\ _ I for a sensitivity study|
pngtntetadetedel SN of that variable

Initialize Acreage

nieite title and
Acreage

Initialize Yield . <:i:)

Calculate wet tonnage
¥

Calculate speeds for each
forage harvester

L

C CONTINUE 1 )

Figure 7. Flow chart of computer Model of Silage-Corn Harvesting.




C CONTINUE 1 )

¥

Write title, yield and
forage harvester speeds

/\;\__)

Calculate Chopping
Costs and durations
(Call subroutine CHOP)

¥

Calculate Hauling costs
and durations
(Call subroutine HAUL)

Calculate Unloading
costs and durations
(Call subroutine UNLOAD)

Calculate return costs
and durations
(Call Subroutine RETUR)

¥

Initialize Network Number

——
‘V

Initialize Machine
Combination

ey
Y

CPM subprogram
(Call subroutine SET)

Collect intermediate data and
combine it into input for

Y

<~ Continue 2 i:)

Figure 7. .« .continued
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< CONTINUE 2 ’

v

Calculate network
duration and critical path
(Call subroutine CPM)

v

Collect Machine System
Criticality Information

I

Calculate: Job duration, daily fixed cost,
10 load fixed cost, 10 load variable cost,
daily variable costs, total daily costs, days
to complete harvest, total harvest cost, cost
per wet ton, cost per hour, capacity in tons
per hours.

all machine No
combinations been

done

®

Have
all networks
been used
?

No

©

Write Systems Report

C CONTINUE 3 )

Figure 7. . ..continued
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(: CONTINUE 3 >

Print a plot of all systems on
a harvest duration versus
harvest cost basis
-{Call Subroutine PLOTA)

Have
all yields been
used
?

No

Q

Have
all acreages
been used

No

e

Figure 7. ...continued

LY¢]



41

VI RESULTS OF INITIAL COMPUTER MODEL RUN

Before entering the discussion of results, an explanation
of the output format of the computer program of the mbdel must
be given. Three types of results are reported by the program
for each acreage and yield combination. The costs and activity
durations are first reported by each of the four subroutines
which calculate these values. A systems report which lists
important parameters for each of the 24 machine systems is then
printed. A graph showing the position of each machine system
on a plot of system annual harvest cost versus harvest duration
is also printed. Examples of each type of output or result are
shown in Table 3 and Figure 8.

In examining Table 3, several points should be noted. For
each activity the total cost reported is the variable cost
excluding labor. The difference between duration and actual-
duration is the time required for hitehing and unhitching. For
the activities of chopping and unloading, the parameters are
calculated for each of the two machines involved. In the case
of the chopping activity, two actual durations are reported.
This is because of the extra unhitching time required when
using network 1. For the hauling and returning activities,
parameters are calculated for each of the three possible

hauling vehicles. The wagon power cost as reported for these
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activities is the cost of fuel and lubrication for hauling the
loaded and empty wagon. The fuel cost for returning an empty
wagon, in the example, is some amount less than one-half a

cent; the program reports it as zero, although in further
calculations, it uses the actual cost, not zero. All the
individual activity costs and durations reported in the activity
report are used by the program in calculating the parameters in
the systems report.

Several other points should be noted in examining the systems
report in Table 3. The 10-load time is the duration of the criti-
cal path for the activity network used with that machine system
(refer to Table 4 which lists the labor  and machine complement
of each system). It is the time to harvest 10 loads of corn
silage. The 10-load cost is the total cost, both variable and
fixed, for the project represented by that particular network.
All other costs and times are based on these two values.

The criticality report lists, for each system, the number
of times that a particular type of activity appeared on the
critical path of the 10-load network. To be more precise, it
lists the number of times a particular activity had zero float
or waiting time. Machine systems A through H using networks 1
and 2 have all their activities taking plaée sequentially, so
that all the activities are on the critical path. A difficulty
with the criticality report for machine systems M through P was
encountered in the initial run. These machine systems use

activity network 4, and after close examination it was discovered
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that this network, using some of the activity durations
developed in this study, had at least two critical paths. The
manner in which this affects the interpretation of the criti-

cality report is taken up in the following discussion of the

results.
Discussion

The initial run of the harvest system model computer
program was done to study the effect of increasing annual
acreage and.increasing yield on each of the machine systems.

It was also done to provide results which were used to illus-
trate the significance of the criticality report. All the
computer output for each of the runs including the sensitivity
studies are on file in the Agricultural Engineering Department,
McGill University.

Increasing the yield had the same effect on the cost
per ton for harvesting, for each machine system, as increasing
annual acreage. This is shown in Figure 9 thch is a plot in
graphical form of the cost per ton harvested versus the total
tonnage harvested for each combination of yield and annual
acreage. This is perhaps obvious since the logic of the model
converts both yield and annual acreage to annual tonnage before
any further processing takes place. The quel has also assumed
that machine system capacity is independent of yield. This was

mentioned in the chapter on machinery and capacities. It
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should be noted that in Figure 9 only six representative
machine systems are shown.

The type of curve shown in Figure 9 is a characteristic
type; to be found in almost any study of machinery management
which examines costs in relation to scale of operations. Good
examples of similar curves are found in the study on machinery
capacity by Donaldson (1u4). If the cost per hour for each
machine system were plotted with annual tonnage harvested.it
would result in the same type of curve as in Figure 9. This
is because, in this model, the cost per hour, cost per ton and
capacity have the following relationship:

Cost per hour = (cost per ton) x (capacity in tons
per hour).

In the study of varying acreage and yield the capacity
of each machine system remains constant. The capacities of
each machine system are listed in Table 5, and the important
input parameters are listed in Table 6.

Besides showing the variation of cost with scale of
operation, Figure 9 also shows the differences between individual
machine systems. The differences in cost per ton between systems
at a specific annual tonnage can amount to as much as 30 percent.
Machine system X was definitely the lowest cost system of those
presented in Table 9 and was in fact the lowest cost system of
all 24 above a certain annual tonnage. Table 5§ shows that
system X also has the highest capacity and Table 4, which gives
the machinery and labor complement of each machine system, shows

that system X has the largest machinery investment. A farmer,

-
b
e



Table 5. Machine System Capacity:
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Results from Initial Run of Harvest Model Computer

Program

System Letter Code

X E<CCH®MWWO WO Z R EPRUHIIOYEMMHU O W >

Capacity in Tons per Hour

5.73
.47
7.08
8.24
6.07
6.91
7.61
8.98
9.55
11.81
9.87
12.30 .
11.36
12.66
14.22
17.14
9.55
11.81
9.87
12.30
13.39
13.76
16.04
22.22



Table 6.

Input Data for Initial Run of Harvest Model Computer Program*

DESCRIPTION FORTRAN DATA
Name
Acreage A(I) 20., 35., 50., 80., 110., 1u40.,
Yield in Tons (wet) Y(I) 20., 24., 28.
per acre :
Machine Index M TYPE (I) 1 2 3 y 5 6 7 8
Number TH350 TIHS550 NH23 NH26 JDu0QO0 TIH724 TIHu43M

Machine List
Price in $ M COST (I) 3100.,
Machine Capacity
in tons (wet)/

hr CP(I) 20.,
Machine Power

Requirement

in hp P(I) 40.,
Machine life in LIFE(I) 2000.,

hours
Machine F.M.I. FMI(I) 0.85

u450., 2609., 702., 902., 9000., 58%4., 3u66.,

4o, , 20., 35.,

65’, 25’, l"'l""’
2000., 2000., 2000.,
0.92

&%

For complete listing of program and input variables see Appendix B.

0S



Table 6. .+ .continued

DESCRIPTION

FORTRAN -~ Name DATA
Corn Row Width in feet RWDTH 3.0
Wagon Cost in $/hour WFCOST 1.66
Labor rate in $/hour/man MRATE 1.50
Average Distance from field to silo in miles DIST 0.25
Hauling Speed in mph MPH 3.0
Returning Empty Wagons in mph MPHR 4.0
Power required to Unload Wagon in hp PWU 5.0
Average Wagon Load Weight in Tons WT 5.0
Empty Wagon Weight in Tons WG 1.5
Fuel Costs in $/hp-hr PC 0.0152
Coefficient of folling resistance on field FCT 0.3
Coefficient of rolling resistance on path FCH 0.05

TS§
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however, is not only interested in finding a machine system
with a low unit cost of harvesting, he is also interested in a
machine system which would have a high capacity; that is, one
which would decrezase his harvest duration.

The criticality report is a useful tool in indicating
the best way of shortening the harvest duration. As was
previously stated, the criticality report states the number of
times a particular type of activity was on the critical path.
This is reported for each machine system. The greater the
number of times a type of activity, such as chopping, is
critical, the more likely is the possibility of reducing the
harvest duration by reducing that tYPe of activities duration.' In
the case where two or more types of activity of equal criticality
exist, the least expensive of them should be chosen as the
candidate for shortening by increasing the capacity of the
machine involved. In the example systems and criticality
report presented in Table 3, it is seen that with machine
system U, the chopping activity is very critical. By increas-
ing the size of the forage chopper, which results in machine
system W and a very much reduced chopping activity criticality,
the harvest duration is reduced from almost 18 days to 15 days.
But by increasing the size of the forage blower, which results
in system V, the harvest duration is reduced by only one-half
a day. This is because the unloading activity is non-critical.

Network 4 (Figure 4) which was used by machine systems

M, N, O and P, had several critical paths with the input data
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used for this run of the program. The usefulness of the
criticality report becomes dubious for a network such as this.
However, these machine systems in which nearly all the activi-
ties are critical (see Table 3), could be said to be balanced.
It is possible, considering the network logic, that if the
duration of the chopping activity were increased sufficiently
the network would become unbalanced and there would be only
one critical path with all the chopping activities on it. The
significance of the criticality report became more obvious in

the sensitivity'studies.
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VII SENSITIVITY STUDY

A. Sensitivity to Hauling Distance

After observing large variations in hauling distance
from the field to the silo during the field study, it was
thought that large variations in machine system capacity and
cost might result. To study the effects of these variations,
the harvest system model computer program was run three times
with average hauling distances of one tenth of a mile, one
quarter of a mile and one mile. These values were chosen
because they are the average and the two approximate extremes
in hauling distance observed during the work study.

It is clear from the logic of the model that an
increase or decrease in hauling distance will affect only the
hauling and returning activities. Table 7 shows activity
durations in minutes for each hauling distance. Hauling and
returning times increase by 18.6 and 13.5 minutes respectively
with an increase in hauling distance ffom one tenth to one
mile. It was expected then, that machine systems in which the
hauling and returning operations were critical would be most
affected.

The criticality reports for each system at each dif-
ferent hauling distance are shown in Table 8. Machine systems

A to H maintain the same criticality because their networks are
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Table 7. Activity Durations: Sensitivity to Hauling Distance.

Activity Duration
Hauling Distance

0.10 miles 0.25 miles 1.0 miles
CHOP
1st Network:#
small harvester 22.6 min. 22.6 min. 22.6 min.
large harvester 13.1 min. 13.1 min. 13.1 min.
Other Networks: .
small harvester 19.6 min. 19.6 min. 19.6 min.
large harvester 10.1 min. 10.1 min. 10.1 min.
HAUL 4.0 min. 7.0 min. 22.6 min.
UNLOAD
small blower 17.0 min. 17.0 min. 17.0 min.
large blower 10.5 min. 10.5 min. 10.5 min.
RETURN 3.5 min. 5.8 min. 17.0 min.

% Recall that the first network requires extra time for
unhitching. (see page 4#1)
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Table 8. Criticality Reports: Sensitivity to Hauling Distance.

Dist. = 0.10 miles Dist. = 0.25 miles Dist. = 1.0 miles

55 2 Z 2 » 2 2
BHbm e a o 5 8 n a S 5 = [N a S 5 &
°HEE 22 BEE £ % EEEZ g % £ B3
hao 5 = 3 22 S ® 35 & B 5 =2 5 B 3
A 10 10 10 9 O 10 10 10 9 O 10 10 10 9 O
B

C Criticality reports for machine

D systems A to H are identical.

E

F

G

H 10 10 10 ¢ O 10 10 10 9 O 10 10 10 9 O
I 1 10 10 9 0O 1l 10 10 9 O 1 10 10 9 0
J 10 1 1 0 0 1 10 10 8 O 1 10 10 9 O
X 1 10 10 9 0O 1 10 10 9 O 1 10 10 9 0O
L 1l 10 10 9 O 1 10 10 9 O 1 10 10 9 0O
M 6 6 6 5 0 6 6 6 5 0 6 6 6 5 0
N 8 1 1 0o 7 8 7 7 6 4 6 6 6 S 0
0 5 5 6 5 1 5 5 6 5 1 6 6 7 6 1
P 5 5 6 5 1 5 5 6 5 1 5 5 6 5 1
Q 1 10 10 9 O 1 10 10 9 © 1 10 10 9 O
R 10 1 1 o 1 1 10 10 9 o© 1 10 10 9 O
S 1 10 10 9 O 1 i0 10 9 0O 1 10 10 9 O
T 1 10 10 9 O 1 10 10 9 9 1 10 10 9 0O
U 10 1 1 0 0 10 1 1 0 0 6 9 9 8 0
\'{ 10 1 1 0 0 10 1 1 0o 0 B g 9 8§ O
W 1 1 10 0 9 1 1 160 0 9 1 9 10 8 5
X 1l 1 10 0 9 1 0 10 8 5 1 9 10 8 5

The numbers indicate the number of times that particular
activity was on the critical path.
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sequential. Also, as explained previously, systems M to P
using network U4 have several critical paths so the report is
to some extent meaningless for them.

Shown in Figure 10 is the variation in cost per wet
ton with increasing hauling distance for all machine systems
at 80 acres harvested annually. As mentioned previously the
complete results of the sensitivity studies are on file with

the Department of Agricultural Engineering, McGill University.

Discussion of Results

It is plain, from Figure 10, that the marginal change in
cost per ton with variation in hauling-distance, or slope, can
be quite different, depending on the machine system used. For
systems A and E, the slope is about 8¢ per 1/4 mile increase in
hauling distance; for systems C and D, it is about 10¢ per 1/4
mile. The greatest change was with system T at about 1l4¢ per
1/4% mile. In all but a few cases, the apparent relationship was
-linear. The magnitude of the slope and the apparent nonlineari-
ties can be explained to a large extent by the criticality report.

A machine system in which the hauling and returning
activities are very critical compared with other activity
types has a large slope. Good examples of this phenomenon
are machine systems S, T and Q. Similarly, where a machine
systems' activities of hauling and returning have a low

criticality, as is the case of systems U and V, the slope is low.
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Where the pattern of critical activities changes
drastically with the change in hauling distance, then an
apparent non-linear variation in the slope or marginal cost
appears. Machine system X is a good example of this, as are
machine systems U and V and to a less obvious extent system
R. This is because at the low end of the hauling distance
scale, the activities of hauling and returning are not
critical, while at the high end they are. Somewhere between
one of the set-points of 0.1 miles, 0.25 miles and 1.0 miles,
the criticality pattern must have changed. This is the
reason for the change in the slope.

The sensitivity of harvest unit cost to increasing
hauling distance is a result of an increase in the time re-
quired to harvest. Thus machine system capacity in tons per
hour varied inversely with harQest cost per ton and hauling
distance. The machine system cost per hour of operation
remains relatively constant with increasing hauling distance.
Increasing annual acreage did little to alter the pattern of
changing cost per ton with increasing hauling distance.

B. Sensitivity to Load Weight

During the field study, it was observed that some
operators were only averaging three to four tons of silage per
load while others were bringing in six tons and more per load.

As with the sensitivity study of hauling distance, the model's
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computer program was again run three times with average load
sizes of three tons, five tons and seven tons. Again, these
values were chosen because they were the mean and the two
approximate extremes in load sizes.

It was thought likely that while increasing load
size would increase the duration of some of the activities, it
would also increase the machine system's total capacity. The
effect on individual activity time is shown in Table 9. The
activity times of hauling and returning were unaffected as
hauling speed and distance remained constant. But the activity
times of the chopping and unloading activities increased in
proportion with the increase in load size. However, the effects
of increasing load size on systems with high criticalities for
chopping and unloading cannot be deduced from this, as the
system's capacity will be increased.

The criticality reports for each system at each different
load size are shown in Table 10. Again, it should be recognized
that systems A to H all have fhe same criticality because their
networks are sequential. Besides systems M to P having several
critical paths, systems W and X also have several at the lighter
loads. Systems J and R are also somewhat special, since at the
seven ton load level the activity times of the hauling (when
rounded to integer values), unloading and returning sequence
add up to the activity time for chopping. The result is that
all activities are critical and the system may be said to be

balanced. Figure 11 shows the variation in cost per wet ton with



Table 9. Activity Durations: Sensitivity to Load Weight

Activity Duration in Minutes

Load Weight

3 Tons 5 Tons 7 Tons
CHOP
1st Network:*
small chopper 15.6 22.6 29.6
large chopper 9.9 13.1 16.4
Other Networks:

. small chopper 12.6 19.6 26.7
large chopper 6.9 10.1 13.4
HAUL 7.0 7.0 7.0
UNLOAD
small blower 11.0 17.0 ' 23.0
large blower 7.2 10.5 k.0

RETURN 5.8 5.8 5.8

*# Recall that the first network requires extra time for
unhitching. (see page u41).
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Sensiti&ity to Load Weight.

7 Ton Load

A =

< B
1 o D E
O a4 K
= 85 B R
10 10 9 O
10 10 9 O
10 10 9 ©
10 10 9 0
10 10 9 O
10 10 9 o0
6 6 5 0
7 7 6 7
5 6 5§ 1
5 6 5 1
10 10 9 0O
10 10 9 9
10 10 9 O
10 10 9 ©
1 1 0 o0
1l 1 0 O
1l 10 0 9
1 10 0 ¢

The numbers indicate the number of times that particular
activity was on the critical path.
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increasing load size for all machine systems at 80 acres

harvested annually (annual acres).
Discussion

The most obvious characteristics of the sensitivity
of system cost per ton to increasing load size is the negative
slope and the apparent non-linearity (see Figure 11l). As is
expected this is in direct contrast to system cost per ton
sensitivity to hauling distance, which has a positive slope
(see Figure 10). It was observed from the program results
that a machine system's capacity varies directly with load
size. But a system's cost per ton varies inversely with
capacity. .Thus cost per ton varies inversely with load size.
The reason for the negative slope and apparent non-linearity
lies in the mathematical nature of a simple inverse function.
By interpolation the cost at the 6 ton load point decreases
by between 3.5 and 5¢ per ton for each one ton increase in
load weight for most of the machine systems. There were
exceptions.

For most of the systems, the criticality report
indicates that the chopping activity is generally not very
critical, or if it is, the other activities are also relatively
critical. However, in the case of systems U and V, the chopping
activity is the most critical activity and remains extremely
critical for each load size. At the same time, the other activi-

ties are only on the critical path once or not at all. Since
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the chopping activity's duration increases with load weight,

the result is an increasing duration for the whole network

and a tendency to decrease system capacity. This effect is
only accentuated by the fact that:the chopping activity re-
mains very critical as load size increases. For systems U and
V, the increase in system capacity, as load size is increased
from three to seven tons, is only about 14 percent while for

the other systems, the increase is almost always greater than

25 percent. As a result, increasing load size does not decrease

the cost per ton for systems U and V as much as the other systems.

C. Sensitivity to Field Machine Efficiency

Field machine efficiency, as it is affected by field
size and shape and machine reliability, has long been regarded
by agricultural engineers as an important factor in determining
machinery capacity (49, 50, 47, 5). Previous definitions of
field machine efficiency have always included time spent in
waiting for other machines (50, 5). The definition used in
this study (see chapter IV, page 20) does not include this
waiting time and is referred to as revised FMI or revised
field machine index.

This sensitivity study was done to determine the
importance of field machine efficiency to both harvest unit-

cost and capacity of a particular machine system. Since there
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were two sizes of fofage choppers used in this study, two sets
of revised field machine indices had to be used. They are
listed in Table 11.

It was obvious that changing the revised field machine
index of the forage harvester would affect the chopping activity
only. The activity duration for the chopping activity and the
capacities of the forage choppers are shown in Table 12. The
variation in forage chopper revised FMI approximates that found
in the field study. The resulting time differences are small.
The total range for the small chopper is about five minutes.
For the larger chopper, the total range is about two minutes.
The range in capacities is about 4.5 tons per hour or about 26
percent for the small chopper, and about eight tons per hour or
about 22 percent for the large chopper.

The criticality report for each level of chopper
revised FMI is presented in Table 13. The only changes evident
‘are criticality patterns for systems M, N, O and P, and more
significantly the pattern for system X. A plot of the system

unit cost versus forage chopper revised FMI is presented in

Figure 12.

Discussion

As in the previous sensitivity study, slope of the cost
per ton versus chopper revised FMI is negative (see Figure 12).

The slope, however, is quite small. For machine systems A, B,
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Revised Field Machine Indices used in Sensitivity

Study of Field Efficiency.
Low Medium High
Efficiency Efficiency Efficiency
Chopper 1 0.70 0.85 0.92
Chopper 2 0.77 0.90 0.97
Table 12. Chopping Activity Durations and Chopper Capacities

for the Sensitivity Study of Field Efficiency.

Activity

Duration in Minutes
Low Medium High
Efficiency Efficiency Efficiency
lst Network: -
Chopper 1 26.4 min. 22.6 min. 21.5 min.
Chopper 2 14.8 min. 13.1 min. 12.7 min.
Other Networks:
Chopper 1 23.3 min. 19.6 min. 18.6 min.
Chopper 2 11.8 min. 10.1 min. 9.70 min.
Capacity
Low : Medium High
- Efficiency .. . .. Efficiency . Efficiency
Chopper 1 14,0 Tons/hr 17.0 Tons/hr. 18.4 Tons/hr.

Chopper 2 30.8 Tons/hr.

36.0 Tons/hr.

38.8 Tons/hr.



68

Table 13. Criticality Reports: Sensitivity to Forage Chopper
Field Efficiency.

Low Medium High
Chopper Efficiency Chopper Efficiency Chopper Efficiency

=~ = a = A =
X < B M << 5 M < & M
hin 6 5 aao& o 5 38E o8 5 8 &8 E
o 5 & 858K B 8§ § 5228 8 f 3 &2
A 10 10 10 9 O 10 10 10 9 O 10 10 10 9 O
B

C

D Criticality reports for machine

E systems A to H are identical

F

G

H 10 10 10 9 O 10 10 10 9 O io0 10 10 9 O
I 1 10 10 9 0O 1 l1¢ 10 9 © 1 10 10 9 ©
J 1 16 10 9 © 1 10 10 9 O 1 10 10 9 O
K 1 10 10 S8 O 1 10 10 9 O 1 10 10 9 O
L 1 10 10 9 o© 1 10 10 9 O 1 10 10 9 0O
M 10 9 9 8 4 6 6 6 5 0 6 6 6 5 0
N 8 7 7 6 4 8 7 7 6 4 8 7 7 6 4
0 5 5 6 5 1 5 5 6 5§ 1 5 5 6 5 1
P 6 6 6 5 0 5 S 6 5 1 5 5 6 5 1
Q 1 10 10 9 0O 1 10 10 9 O 1 i0 10 9 O
R 1 10 10 9 0O 1 10 10 9 o 1 10 10 9 0O
S 1 10 10 9 0O 1 10 10 9 O 1 i0 10 9 O
T 1 10 10 9 O 1 10 10 9 O 1 10 10 9 0
U 10 1 1 0 O 10 1 1 c 0 10 1 1 0 O
\) 10 1 l1 0 O 10 1 1 0 O 10 1 1 0 0
W 1 1 10 0 9 1 1 i0 0 9 1 1 10 0 9
X 10 9 9 8 O 1 9 10 8 & 1 9 10 8 5

The numbers .indicate the number of times a particular activity
is on the critical path.
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E and F, it is approximately three cents per 10 percent change
in revised FMI.

But for systems C and D, it is about 1.5¢ per 10
percent change in revised FMI. This is because the percentage
of total harvest time attributable to the smaller chopper
(Chopper 1) is much greater than that of the larger chopper
(Chopper 2).

The range of slopes for the other systems can best be
explained in terms of the criticality reports. For systems I,
J, K and L, the slope is small, - about 1.5¢ per 10 percent
change in revised FMI. This is because the chopping activity
is not critical; it contributes little to the actual duration
of harvesting. Systems M, N, O and P are less amenable to this
kind of explanation because, as stated previously, they have
several critical paths. Systems Q, R, S and T are similar to
systems I, J, K and L in that the chopping activity is again
not critical, consequently the slope is low; about 1t¢ per 10
percent change in revised FMI. Systems U, V, W and X present
a different pattern. With systems U and V, the forage chopper
is very critical, consequently the slope is high; about 5¢ per
10 percent change iﬁ revised FMI. For systems W and X however,
the chopping activity is not critical (except at the lowest
révised FMI for system X) and the slope is about 1¢ per 10

percent change in revised FMI.
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VIII ANALYSIS OF WEATHER EFFECTS

Silage corn harvesting operations may be affected by
poor weather conditions in several ways. A heavy rain may
increase the moisture content of the silage to the point where
its future feed quality is impaired. Poor weather conditions
may also cause sufficient operator discomfort as to force him
to suspend field operations, although a tractor cab might
attenuate this effect. ‘A heavy rain may also wet the soil
between the rows of corn to the extent that the field har-
vesting unit ceases to be mobile. It is conjectured that
the mobility problem may be particularly true of a crop that
has had applications of a herbicide which would leave the
ground between the rows of corn almost devoid of vegetation.

From field observations most of the soil types found
on the farms visited in the work study had a high clay content.
It appeared, again from observations during the work study,
that poor traction in the field was the limiting factor when
bad weather interrupted the harvest. For the analysis of the
effects of weather, a quantitative criterion for choosing days
with good traction from bad days (i.e. work days from non-work
days), must be found.

Rutledge and MacHardy (52) suggested that the necessary

tractive ability for tillage operations was lost when soil
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moisture contents were above 95 percent of field capacity in
the top three moisture zones of the soil or when there was snow
on the ground, for most plastic soils in Alberta. Morey et al
(41) used their criteria to select good working days in a study
of optimum policies for grain corn harvesting in central
Indiana. Therefore, it was thought to be justifiable to use,
initially, this method in determining non-work days for corn
silage harvesting on plastic Quebec soils.

The soil moisture corfesponding to 95 percent of field
capacity is different for different soil types. For clay
-loams, which are the predominant soil types in southwestern -
Quebec, the soil moisture corresponding to 95 percent of field
capacity is approximately 3.6 inches of water per foot depth of
soil (54). A method for calculating soil moisture on a specific
day from weather data is now required. | |

Lake (25), who also worked in southwestern Quebec,
used a "modified Thornthwaite" equation to determine pofential

evapotranspiration from the soil. His equation was as follows:

PE, = Ca(Ta - 329) : ves
where
PEa = potential evapotranspiration; inches per month
C = a coefficient which varies with day length and
latitude
a = a coefficient dependent on geographic climatic
region
T_ = mean monthly temperature; degrees farenheit
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Lake used a = 0.10 and the following values for c:

C Month
1.28 June
1.26 . July
1.18 August
1.04 September
0.91 October
0.80 November

He found that equation 9 gave good estimates of the monthly
evapotranspiration, but that the potential evapotranspiration
of individual days could be different from the monthly mean
due to daily variation in .cloud cover; vapour pressure deficit
and other factors. It should be noted that the method of
determining soil moisture used by Rutledge ard MacHardy (52)
did account for daily variations of cloud cover and vapour
pressure. The method that Morey (41) used was first developed
by Shaw (56) at Iowa State. Shaw's model accounted for daily
variations of potential evapotranspiration by using open-pan
evaporation data and the amount of surface runoff. He feported
correlations of 0.95 and 0.96 between observed and predicted
soil moisture. |

Due to restrictions imposed by lack of complete
weather data such as open-pan evaporation or vapour pressure,
it was decided to use the method of determining soil moisture
used by Lake (25), but on a daily basis. This also necessitates
a minor modification of Rutledge and MacHardy's (52) non-work
day criteria. Since Lake's method does not divide the soil
into separate moisture zones, but instead simply is confined to

a top layer of soil of indefinite thickness, this aspect of
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Rutledge and MacHardy's criteria must be deleted. In equation
9, PE, becomes the potential evapotranspiration in inches per
day and Ta becomes the mean daily temperature. The soil
moisture is then found from the following soil moisture budget
as used by Lake:

SMC; = SMC, ; - PE; + Raini ...10
where

SMC = soil moisture content; inches of water per

foot‘depth of soil.
PE = potential evapotranspiration; inches per day
Rain.= amount of rainfall; inches per day
i = index, counting days.

A computer program was written to label work and non-
work days for the months of July, August, September, October
and November using rainfall and temperature data forﬂlg years
for three stations in southwestern Quebec. After examining
the results from one of the stations, it became obvious that
the model was unrealistic. Several years were found with almost
no work days, while others had almost no non-work days.

Broughton (8) sﬁggested the following alterations to
the model.

(1) Assume that, after a pain which raises the calculated soil
moisture above field capacity, 24 hours are needed to lower
soil moisture to field capacity by drainage and runoff.

(2) Soil moisture content should not be permitted to fall below

the wilting point.
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For the soil being considered (clay loam) field capacity is
3.8 inches of water per foot depth of soil, and the wilting
point is 1.8 inches of water per foot depth of soil (54).
Using the same criteria for selecting non-work days
as in the first computer run, a second run was made, this time
incorporating the alterations to the soil moisture model sug-
gested above. From the-output of the second run non-work day

probabilities were calculated from the following formula.
N.

- _NW
PNW - N oo.ll

Total

where

the probability of the occurrence of a non-

g"d

work day in the period under consideration
N = the number of non-work days occurring in this
period

NTotal = the total number of days in this period

Since Rutledge and MacHardy (52) reported a definite
pattern of persistence of non-work days in Alberta, it was
thought that a similar pattern might exist for the Quebec
locations under study. They used what wés feferred to as a
"conditional" pfobability to indicate persistence of non-work
days. This probability was calculated for the Quebec locations

from the following formula.

_ e
Po, = NW .12
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where

P = the probability of the occurrence of a non-
work day if the preceding day was a non-work
day, in the period under consideration.

the number of non-work days where the

2
il

preceding day was a non-work day, in this
period
Nc = the number of days where the preceding day
Total :
was a non-work day, in this period.
The results of these calculations are presented in Tables 14,
15 and 16, and as well, PNW for each of the three locations is
plotted graphically in Figure 13.

As noted in Figure 13, there is a marked increase in
the probability of a non-work day as the season progresses from
July 1lst, for all three locations. A similar significant
increase in non-work day probabilitiés was observed by
Rutledge and MacHardy. As is shown in Tables 14, 15 and 16,
the conditional probabilities are all greater than the "uncon-
ditional" probability of a non-work day. This indicates a
high degree of persistence in non-work days, according to this
model. The pattern followed by the conditional probabilities
in the results of Rutledge and MacHardy is the same.

It is not possible to assert with any degree of
confidence that this model of weather effects on corn silage

harvesting is accurate. Several years of field observations
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would be needed to confirm the theory. However, in view of the
relative agreement of both the seasonal trends and the
magnitude of the probabilities between these results and those
of Rutledge and MacHardy, this model may hold some promise.

The occurrence of poor weather conditions and there-
fore non-work days can only increase the time taken to harvest.
It cannot influence (according to the model developed in
preceding chapters) the cost of harvesting as costs are only
incurred on working days. A value that would be of immediate
use, both in the model of harvesting and perhaps to the farmer
himself, is the number of extra days that a harvest of a certain
size, started at a particular time in the season and in a par-
ticular locality, would require due to weather interference.

A plot of the required harvest duration in days versus
the actual duration, 18 years out of 19, is given for two
stations in Figure 14. For example, a harvest in Lennoxville
requiring 12 days, would probably take 14 extra days if it were
started between}August 26th and September 22nd. But the same
harvest in L'Assomption would require six extra days.

Similar relationships could be found for the other
four week periods. The probability results, however, indicate
that the probable extra time required would be greater later in
thg season. At some point it would be found that the harvest
probably could not be completed that year.

The problem of how the model for the effect of weather
on corn silage harvesting can be incorporated into a general

sub-optimization model is discussed in the next chapter.



Table 14.

Week

Fwn M

OW~Joom

17 -

18
19
20

21
22

Note:
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Non-Work Day Probabilities for L'Assomption, Quebec

Station 7014160 - L'Assomption - 1947-1965

0.12
0.17
0.07

0.04'

0.05 i

0.01

0.02.
0.12 "

0.15
0.21
0.19
0.36

0.41
0940
0.51
0.36

0.4y
0.u19
0.71
0.79

0.87
0.93

July 1 - July 28, 0.083 {0.717) monthly average

(0.91)
(0.72)
(0.70)
(0.50)

"

July 29 - August 25, 0.051 (0.80) "

(1.00)
(0.50)
(0.50)
(0.79)

7"

August 26 - September 22, 0.228 (0.94) "

(0.81)
(0.74)
(0.95)
(0.96)

September 23 - October 20, 0.424% (0.92) "

(0.96)
(0.89)
(0.97)
(0.90)

"

October 21 - November 17, 0.61 (0.99) "

(0.96)
(0.97)
(1.00)
(1.00)

(0.99)
(1.00) 5 days

Bracketed figures indicate probabilities when previous
day was a non-work day.
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Table 15. Non-Work Day Probabilities for Lennoxville, Quebec.
Note from Table 1l4. applies.

Station 7024280 - Lennoxville - 1947-1965

Week July 1 - July 28, 0.14% (0.78)
1 0.14% (0.72)
2 0.21 (0.83)
3 0.10 (0.67)
i 0.11 (0.86)

July 29 - August 25, 0.14 (0.80)

5 0.11 (0.81)
6 0.13 (0.70)
7 0.17 (0.81)
8 0.17 (0.86)
August 26 - September 22, 0.17 (0.90)
9 0.19 (0.86)
10 0.11 (0.67)
11 0.12 (1.00)
12 0.25 (1.00)
September 23 - October 20, 0.47 (0.95)
13 0.38 (0.94)
1lu 0.47 (0.93)
15 0.56 (0.99)
16 0.46 (0.94%)
October 21 - November 17, 0.73 (0.98)
17 0.52 (0.98)
18 0.70 (0.98)
19 0.81 (0.99)
20 0.90 (0.99)
21 0.92 (0.99)

22 1.00 (1.00) 5 days
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Table 16. Non-Work Day Probabilities for St. Hyacinthe, Quebec.

Week

£ W

VIO ;m

10
11
12

13
1

16

17
18
19
20

21
22

Note from Table 1l4. applied.

Station 7027360 - St. Hyacinthe - 1947-1965

July 1 - July 28, 0.09 (0.74)

6.14 (0.85)
0.11 (0.63)
0.10 (0.92)
0.00 (0.00)

July 29 - August 25, 0.11 (0.87)

0.03 (1.00)
0.14% (0.89)
0.13 (0.84)
0.16 (0.88)

August 26 - September 22, 0.21 (0.87)

0.20 (0.82)
0.17 (0.79)
0.21 (0.92)
0.26 (0.91)

September 23 - October 20, 0.30 (0.88)

0.21 (0.87)

0.27 (0.85)

0.37 (0.96)
0.35 (0.87)

October 21 - November 17, 0.65 (0.99)

0.51 (1.00)
0.57 (0.99)
0.70 (0.99)
0.83 (1.00)

0.90 (0.99)
0.91 (0.99) 5 days
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IX POSSIBILITIES FOR OPTIMIZATION

A good deal of research has been done on field

machinery selection through the use of optimization techniques.

However, only some of them (17, 21, 22, 27, 33, 34, 44, u6, 57...)

made much effort to account for the effect of crop factors and

’ the effect of weather on machine selection. Some of the more

recent papers have, in fact, concentrated on modelling the
effects of crop factors and weather without applying their
models to the machinery selection problem (20, 41, 58). The
optimization techniques brought to bear on the machinery selec-
tion problem have been calculus with lagrange multipliers (34,
24), queing theory and linear programming (33, 44), ﬁetwork
techniques (29, 16, 28, 46), and simulation (17, 10, 53).
None of them were completely satisfactory and, as Link (30) put
it at a recent machinery management conference... "We are not
out of the woods yet".v

Therptimizing method of traditional analytical
eccnomics appears to have been abandoned by agricultural
engineers some years ago. Link's (29) main objection to it

is best expressed in the following quote from his paper.
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"...it is also true that some basic factors
are ignored. The most important of these is
the factor of systems effects. All the

machines on a farm are interrelated through

a set of operating procedures and practices.

Machines used for different crops may

influence each other, as, for example, hay-

harvesting and corn cultivation machinery..."

If the optimization process is recognized as a suboptimization
and the interference from competing activities assumed to be
inconsequential, then the analytic economics method may still
be of some value. There is possibly some basis in fact for
this assumption when it is recognized that for most dairy
farmers in Quebec who harvest corn silage, there are no impor-
tant seasonal competing activities. Hay harvesting will have
been mostly completed earlier in the summer and fall plowing
can't be done until the corn has been harvested anyhow.

The baéis of the analytic economics approach to
optimization is the economic relationship presented in Figure
.15. The functions of total return versus machine capacity and
machine cost versus machine capacity must be derived. The two
functions are then algebraically subtracted as in equation 13
(Figure 15). The resulting profit function is differentiated,
set equal to zero and solved for the maximum profit capacity.
This method and other traditional analytic methods: are
thoroughly explained and explored in Wilde's excellent book

on optimization (66). The greatest difficulty with this

method is in defining the returns and costs functions.
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There are some unique difficulties in deriving a
monetary returns function for silage corn harvesting. One of
them is that of putting a dollar value on the silage. It
appeared from examination of the Dominion Bureau of Statistics
publications of sales of farm products that there was no trade
or market for corn silage in Quebec. The reason is readily
apparent when the physical and biochemical characteristics df
corn silage are considered. Its high water content (essential
for the silage making process) and rapid spoiling due to pro-
longed exposure to air make it uneconomical to transport it to
markets at any distance (38). Also, since the silage is not
normally the sole feed for the dairy herd (35), it weculd be
difficult to express its value in terms of dollars returned
from the sale of milk. It is more convenient, then, to use
some basis other than monetary value.

If it is valued in terms of its feed value, then the
returns function in Figure 15 retains the same shape except
that it 1s a function of tons of feed value versus machine
capacity. The problem is then one of optimizing for minimum
cost per ton of feed value.

Dairy scientists have not yet agreed on the best
measure of the feed value of corn silage (35). The American
Forage and Grassland Council rates corn silage by three
measures; percent TDN (Total Digestible Nutrients), therms CNE
(Calculated Net Energy), and percent crude protein ((35) page

40). At least one machinery optimization study (17) used
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dollars per hundred therms ENE (Estimated Net Energy) to rate
hay harvesting systems. . Since corn silage is high in energy
relative to other forages the feed value used in this study is
expressed in therms ENE. However, the ENE content of the corn
plant varies over the growing season. This presents an added
difficulty.

Complete information on the variafion of crop value
(ENE) and yield for silage corn with daily passage of the
growing season 4as not readily available in Quebec. Brawn (7)
admitted that this area of crop production research has been
neglected. Only one study of the variation of yield and feed
value of silage corn with harvest date was found for Quebec (9).
However, only two harvest dates were covered, and it was felt
that this did not provide sufficient data to derive a crop
value versus time function. Crop value is not the only factor
which’influences the shape of the returns function.

As demonstrated in the previous chapter, weather can
significantly reduce the realized capacity of harvesting
machine systems and may thus also affect the returns function.
Because of the prnbable parabolic shape of the crop value
versus time function, the average crop value harvested by a
system with a low capacity will be lower than the average crop
value harvested by a system with a higher capacity. A good
explanation of this using a yield versus time function and a
mathematical derivation of a returns function was given by

Link (29). He did not, however, account for weather, nor did
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he explain how to obtain the optimum harvest starting time.
The fact that the probability of weather interrupting the
harvest increases later in the season complicates the problem
of deriving a returns function. Since a mathematical deriva-
tion could not be made, a numerical technique was proposed.

A computerized algorithm was developed to determine,
usihg an iterative process, a returns function which accounted
for both crop value versus time variation and weather inter-
ference. A flow chart of the complete algorithm is presented
in Figure 16. The subroutine RATE would be a Monte Carlo
simulation of the harvest, day-by-day, to determine the
average reduced harvest rate caused by weather interference.
The number of simulations would be limited to 1000 to reduce
computing costs. The weather pattern input would be in the
form of weekly total and conditional probabilities similar to
those presented in Tables 14, 15 and 16. The subroutine RESET
would simply indicate that the harvest could not be completed
for a start in that week. The resulting values of therms ENE
for a range of integer harvest rates would be used as data for
a polynomial regression. The regression equation would fhen
constitute the returns functions in Figure 15. A side benefit
of the algorithm would be the table containing information on
the best week to commence harvesting for a particular harvest
rate or system capacity. The next step is the derivation of

the machine cost function of Figure 15.
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Data for a cost function wasvdeveloped in previous
chapters, however, a number of fundamental difficulties occur
if the data is applied directly to the optimization model. As
may be seen from Figure 17, yearly cost of operation is by no
means a smooth or continuous function of capacity or harvest
rate for the machine systems considered in this study. The
other difficulty is that the cost function is not independent
of the returns function. Figure 9 in chapter 6 plainly shows
that cost per ton changes with yield. From the characteristic
Sﬁape of the curves, it is easy to see that the total harvest
cost will change significantly with yield.

In order to develop a cost function that takes into
account the factors mentioned above, a computer simulation
algorithm very similar to that proposed for the development of
the returns function would have to be written. It would use as
input the cost-per-ton versus toﬁnage harvested functions for
each machine system, examples of which are illustrated in
Figure 9, chapter VI. The yield function would also be used
as input. The harvest would be simulated day-by-day for each
machine system using the appropriate week for starting and the
appropriate reduced system capacity (found from the proposed
returns function algorithm). The oufput of this algorithm
would be in graphical format similar to Figure 17. When the
returns function is combined with this output, the optimum

machine system for the particular acreage under study could
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then be found by calculating, for each machine system, the
cost per unit of ENE.

The primary reason for not carrying out the optimization
procedure was the previously mentioned lack of adequate data to
derive a yield function and feed value function for the south-
western region of Quebec. It is possible, however, to make an
'educated guess' as to which machine system might be the
optimum. If the returns function was of the same general
shape as the one in Figure 15, and if the spectrum of machine

system costs versus capacity was of the same pattern as in

Figure 17, then the optimum machine system for the 80 acre
level would be system X. Since this was the highest capacity
system investigated, it would have been the optimum system for
all acreages above about 35 acres. Figure 9, chapter VI

indicated that system X became the lowest cost system at about

35 acres. This may indicate that above this size of operation,

higher capacity systems than system X might be even cheaper (or

e e

more profitable). Perhaps a third chopper size chopping three
rows of corn is needed for these larger size operations. |
Below about 35 acres, it is impossible to say with any degree
of accuracy which system would have been the optimum, without

going through the optimization procedure.
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X CONCLUSIONS

1. It was evident, both from the work study aﬁd from
subjective observation, that forage choppers on the Quebec
market came in only two different sizes. Similarly, forage
blowers came in two sizes only. Several sizes of forage wagons
of the self-unloading type were on the market, but only the

size used in this study appeared to be in common use.

2. If a field efficiency is to be calculated for field
machinery, it should not include time spent waiting for other
machinery. Field efficiencies thus calculated would be of

greater use to systems studies involving field machinery.

3. The activity network was found to be very useful in
representing and studying the performance of silage-corn
harvesting systems. It is particularly useful when the same

network can be used to represent several different systems of

machinery.

4. The harvest system computer program was very useful
in calculating the costs and performance of the 24 machine

systems studied. It was easy to use, although somewhat
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expensive (averaging eight dollars a run on an IBM 360/75).

It would be relatively easy to expand to accommodate a greater

number of machine systems.

5. Using the harvest system computer program, it was
found that above 840 tons of corn silage harvested annually,
system X, the highest capacity machine system studied, was
always the cheapest on a cost per wet ton harvested basis.
Below that tonnage, systems J and U were the cheapest (see
Table 4 for the machine and labor complement of each system).
Increasing the tonnage harvested annually from about 500 tons
to 3800 tons halved the cdst per ton for most machine systems.
This was the equivalent of raising the annual acreage grown

from about 20 acres to 140 acres at an average yield of 24 tons

per acre.

6. Machine system X, while it was the léast cost system
for acreages above about 35, was also the highest capacity
system and the highest investment system. It was concluded
that it is very likely that even higher capacity and higher
investment machine systems may be lower in cost per ton for the

larger acreages than system X.

7. The criticality report for each machine system was

found to be useful in indicating the best way of upgrading a
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harvesting system. However, this usefulness was decreased by
a machine system whose resulting activity network had more
than one critical path. It was thought likely that if the CPM
subroutine had been able to handle real (in the computer
programming sense) instead of integer activity durations,

there would have been a considerably lessened incidence of

multiple critical paths.

8. It was found in the study of machine system cost
per ton sensitivity to variation in hauling distance that
hauling distance is an important factor in determining
harvesting costs. This is particularly true in view of the
fact that the variation of hauling distance used in the study
was approximately the variation found in the work study. The
magnitude of this sensitivity, at an annual acreage of 80 and
an average yield of 24 tons per acre, was as great as a lhi¢
per ton cost increase with each increase of 1/4 mile in hauling
distance. Wide variations of this sensitivity were found be-
tween machine systems, and the criticality reports were found

useful in explaining these variations.

9. Variation in load size did not appear to be as
important to harvest cost per ton as hauling distance. The
range of load sizes found in the work study was between three
and seven tons. The cost sensitivity for 80 annual acres and

at 24 tons per acre, was between 3.5¢ and 5¢ per ton with a
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load size change of one ton. The sensitivity was apparently
non-linear for all the machine systems. The criticality
reports were again found useful in explaining inter-machine

system cost sensitivity variations.

10. Variation in forage chopper field efficiency
caused very little variation in system cost per ton. For
most of the machine systems the sensitivity, at 80 annual
acres and at 24 tons per acre, was about 1.5¢ per ton
increase with a decrease in forage chopper field efficiency
of 10 percent. Only two systems had a relatively high
sensitivity (about 5¢ per ton), but this was explained by

the criticality report.

11. The sensitivity studies pointed out the
importance of knowing which machine or operation during
harvesting was the ﬁbst critical. Any factor which directly
affects the performance of that machine or operation will
‘affect the total harvest cost to a greater degree than if

the machine or operation were non-critical.

12. During the field study, soil moisture was
subjectively found to play an important part in determining
the harvest duration for silage corn. The analysis of

weather as it determined soil moisture and thus harvest
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duration was not completely satisfactory. It did, however,
point out that significant differences in the patterns of
work and non-work days may exist between three locations
in southwestern Quebec. It also pointed out that the
probability of a non-work day increased markedly starting

in the 1lth week after July lst for these three locations.

13. The attempted optimization of silage corn
harvesting systems was frustrated mainly by a lack of
adequate data on yield and feed value variations dufing the
growing season. There was also a lack of confidence in the
model for weather interference. It was thought, however,
that considerable benefit would accrue from the development

of a computer program based on the algorithm developed in

Figure 16.
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XI SUGGESTIONS FOR FUTURE RESEARCH

1. The attempt at optimization revealed the severe
lack of data on yield and feed value versus time functions
for silage corn in Quebec. Considerable research effort needs
to be devoted to obtaining information of this kind in a form

suitable to incorporation into a machine system optimization

study.

2. A large scale work study of up to 100 farms in
Quebec would be useful in providing data to validate the
results found in this thesis. At the same time, other kinds

of forage. harvesting could be studied.

3. A more accurate model of the effect of weather on
-‘soil moisture and thus on harvest duration is needed. Particu-~
lar account should be taken of the effects of different soil

types and the effect of underdrains on field trafficability.

4, A small scale study could be dbne on the activity
of unloading a wagon during silage corn harvesting. The un-
loading activity is unique in comparison with the other
activities. It involves the simultaneous use of two different

machines working together. It was not completely evident
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during the work study which of the machines, the self-unloading
wagon or the forage blowér, was responsible for the observed
capacity of the unloading activity. The harvest model that

was developed assumed that the forage blower was the critical

machine.



10.

11.

102

LITERATURE CITED

Annuaire du Quebec, 1970. Quebec Bureau of
Statisties, Dec. 1969.

Agricultural Engineers Yearbook: 1967. Pub. by
American Society of Agricultural Engineers
(A.S.A.E.), 1l4th ed., 1967 (A.S.A.E. Data:

ASAE D 230.1, pp. 252).

Agricultural Engineers Yearbook: 1971. Pub. by
(A.S.A.E.), 18th ed., 1971 (A.S.A.E. Data:
ASAE D 230.2, pp. 287).

Agricultural Engineers Yearbook: 1971. Pub. by
(A.S.A.E.), 18th ed., 1971 (A.S.A.E. Standard:

ASAE S 322, pp. 285).

Bainer, R., R.A. Kepner, E.L. Barger. Principles of Farm
Machinery. John Wiley & Sons, Inc., 1955.

Barnes, K.K. Proper Evaluation of Machines. Implement
and Tractor. April 16, 1960. .

Brawn, R.I. Private communication, October 1970.
Broughton, R.S. Private communication, May 1971.

Cameron, C.D.T., C.E.L. Lachance. Effects of Cultivar
and Maturity of Ensiled Corn Plant Fed with and
without Concentrates on the Performance of Group
and Individually Fed Hereford and Angus Steers.
Can. J. Anim. Sci. 50: 513-519, Dec. 1970.

Carpenter, M.L., D.B. Brooker. Minimum Cost Machinery
Systems for Harvesting, Drying and Storing
Shelled Corn. Trans. of A.S.A.E., pp. 5i5-519,
15, 3 , 1972.

1966 Census of Canada: Agriculture - Quebec
Dominion Bureau of Statistics. Cat. No. 96-606,



12.

13.

4.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

103

Clark, J.H., E.R. Norris. An Automatic Draft-Control for
Self-Propelled Vehicles. Trans. of A.S.A.E. pp.
880-882, 885, 12:6 , 1968.

Coupland, G.A. Network Analysis Applied to Hay Harvesting
Operations. Unpublished M.Sc. Thesis, MeGill
University, 1969.

Donaldson, G.F. Farm Machinery Capacity, Study No. 10,
Royal Commission on Farm Machinery. Queen's Printer

for Canada, 1970.

Farm Wages in Canada: May 1971. Dominion Bureau
of Statistics, Cat. No. 21-002 (occasional),

May 1971.

Fluck, R.C. Optimization of Sweet Potato Harvesting and
Handling Methods by Unit Flow, Shortest Path
Techniques. Unpublished Ph.D. Thesis, North
Carolina State University, 1966.

Fuller, E.I. Selection of Machine Systems by Simulation
under Conditions of Uncertainty. A.S.A.E. Paper

Hamilton, W.F. II, D.K. Nance. Systems Analysis of Urban
Transportation. Scientific American 221:1, pp. 19,
July 1969,

Hoglund, C.R. Economics of Forage Production with
Emphasis on Mechanization. A.S.A.E. Paper No.
69-161, 1969.

Holtman, J.B., L.K. Pickett, D.L. Armstrong, L.J. Conner.
Modelling of Corn Production Systems - A New

Hunt, D. Efficient Field Machinery Selection. A.S.A.E.
Paper No. 61-628, 1961.

. A FORTRAN Program for Selecting Farm Equipment.
Agr. Eng., 486, pp%¥ 332, 1967.

IBM System / 360: TFORTRAN IV Language. 8th Ed.,
I.B.M. Systems Reference Library, Form C28-6515-7,
Oct. 1968.

Jeffers, J.P.W. A Mathematical Model for the Selection
of Haying Machinery. Unpublished M.Sc. Thesis,
University of British Columbia, 1966.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

104

Lake, E.B. Soil Moisture Deficits and Surpluses in
South Western Quebec. Unpublished M.Sc. Thesis,
McGill University, 1968.

Law, C.E., D.C. Lach. Handbook of Critical Path.
Pub. by the Authors at Box 995, Station B,
Montreal, Quebec, 1969.

Link, D.A., K.K. Barnes. Cost and Return Analysis of
Crop Production Machinery Size. A.S.A.E. Paper
No. 59-127, 19589.

. A Systems Approach to Farm Machinery Selection.
A.S.A.E. Paper No. 65-161, 1965.

. Activity Network Techniques Applied to a Farm
Machinery Selection Problem. Trans. of A.S.A.E.
10:3, pp. 310, 1967.

. Research Needs for Farm Machinery Scheduling.
Paper to Conference on Computers and Farm Machinery
Management. Chicago, Dec. 1968. A.S.A.E. Pub.
PROC - 468, 1968.

MacHardy, F.V. The Materials Handling Field - Man's

. An Investigation of the Application of
Programming Techniques to Fqrm Management Problems.
Unpublished Ph.D. Thesis, University of Edinburgh,
196k,

. A Method for Sizing Farm Machines for
Weather Dependent Operations. Can. Agr. Eng.,
8:1, pp. 26, Jan. 1966.

. Programming for Minimum Cost Machinery
Combinations. Can. Agr. Eng., 8:1, pp. 22,
Jan. 1966.

McCullough, M.E. Optimum Feeding of Dairy Animals.
The University of Georgia Press, 1969.

Millier, W.F., G.E. Rehkugler. A Simulation - The Effect
of Harvest Starting Data, Harvesting Rate and
Weather on the Value of Forage for Dairy Cows.
Trans. of A.S.A.E., pp. 409-413, 1533 , 1972.



37.

38.

39.

40.

ui.

2.

43.

Yy,

l"‘su

h47.

48.

43,

105

Moggach, G.S. A Systems Approach to Managing Forage
Harvesting Equipment. A.S.A.E. Paper No. 70-147,

1970.

Moore, H.I. Silos and Silage. 2nd Ed., Farmers and
Stock-Breeders Publications, Ltd., London, 1950.

Morey, R.V., R.M. Peart, D.L. Deason. A Corn Growth,
Harvesting and Handling Simulator. Trans of the
A.SQAQEQ PP' 326"328, 14;2 [y 1971.

s R.M. Peart. Optimization of a Natural Air

Corn Drying System. Trans. of the A.S.A.E,
pp. 930-934, 14:5 , 1971.

. G.L. Zachariah, R.M. Peart. Optimum
Policies for Corn Harvesting. Trans. of the
AcSnAoE. PP. 787-792, lu:s 9 1971.

Morris, W.H.M. Farm Machinery Replacement Decisions.
A.S.A.E. Paper No. 6u4-616, 1964,

Nelson, T., W. Bowers. What Programs are Operational
Now. Paper to Conference on Computers and Farm
Machinery Management. Chicago, Dec. 1968.
A.S.A.E. Pub. PROC - 468, 1968.

Peart, R.M., G.W. Isaacs, C.E. French. Optimizing
Materials - Handling Systems by Mathematical
Programming. Trans. of the A.S.A.E., pp. 26,
6;:1 , 1963.

., K. VonBargen, D.L. Deason. Network Analysis
in Agricultural Systems Engineering. Trans. of the
A.SoA.Eo’ero 8""9"853’ 13:6, 19700

Preston, T.A. A Computer Program for the Evaluation of
Alternative Methods. Can. Agr. Eng. 9:2,
pp. 109. July 1967,

. Inverse Square Laws Govern the Operational
Scale of Farm Implements. A.S.A.E. Paper No. 67~
617, 1967.

Private communication. Royal Commission on Farm
Machinery, 1967.

Renoll, E.S. Machine Capacity and Efficiency as
Influenced by Field Geometry. A.S.A.E. Paper No.
66-672, 1966.



50.

51.

52.

53.

S54.

55.

56.

57.

58.

59.

60.

61l.

62.

106

Renoll, E.S. Some Effects of Management on Capacity and

Efficiency of Farm Machines. Cire. 177. Auburn ;
University, Agr. Expt. Sta., June 1970. ;

Report of the Royal Commission on Farm Machinery.
C.L. Barber: Commissioner, Information Canada,
Ottawa, 1971.

Rutledge, P.L., F.V. MacHardy. The Influence of the

Scott, J.T. The Systems Approach to Machinery Selection:

Weather on Field Tractability in Alberta. Can.
Agr. Eng. 10:2, pp. 70, Nov. 1968.

A Corn-and-Soybean Production Application.
A-S.A.E. Paper Nge 70"'1265 1970.

Schwab, G.0., R.K. Frevert, T.W. Edminster, K.K. Barnes.

Soil and Water Conservation Engineering. 2nd Ed.
John Wiley & Sons, Inc., 1966.

Seferovich, G.H. Farm Machinery Management - Some Grass

Shaw,

Roots Problems. Paper to Joint Conference of ;
A.S.A.E. and F.E.I., Chicago, 1962. Proceedings f
published jointly by A.S.A.E. and F.E.I., 1962. :

R.H. Estimation of Soil Moisture under Corn. Res.
Bull. 520, Iowa State University, Agr. and Home Ec.
Expt. Sta., 1963.

Stapleton, H.N. Computer Analysis of Synthesized Field

Machinery Systems. Agr. Eng. pp. 202, u48:4 , 1967.

. Crop Production System Simulation.

Trans. of the A.S.A.E. pp. 110-113, 13*1 , 1970.

Task Force on Agriculture Reprot. Proceedings of
the Can. Agr. Congress, Queen's Printer for Candda,
1969.

Taylor, H.H., W.L. Barr. An Economic Comparison of Forage

Harvesting, Storing and Feeding Systems on
Pennsylvania Dairy Farms. Bull. 751, Penn. State
Univ., Agr. Expt. Sta., Oct. 1968.

Technological Changes in Farm Machinery and
Canadian Agriculture. Royal Commission on Farm
Machinery. Report to Can. Agr. Congress, Queen's
Printer for Canada, 1969.

VonBargen, K. Man Machine Performance in a Baled Alfalfa

Hay Harvesting System. Trans of the A.S.A.E. pp.-
5§7-60, 64, 11°1 , 1968.

o



63.

64,

65.

66.

107

. R.M. Peart. Simulation of Field Machine and
Transport Activities for a Row-Crop Planting
System. A.S.A.E. Paper No. 69-657, 1969.

White, P.T. Behold the Computer Revolution. National
Geographic 138: 5, pp. 593, Nov. 1970.

Wiest, J.D., F.K. Levy. A Management Guide to PERT/CPM.
Prentice-Hall, 1969.

Wilde, D.J., C. Beightler. Foundations of Optimization.
Prentice-Hall, 1966.



APPENDICES



APPENDIX A. Work Study Data

Forage Chopper Rates Wet Weight Forage Blower Rates
Sequence* Wet Tons Dry Tons Revised#*¥* Harvested Wet Tons Dry Tons
Start Time Per Hour Per Hour FMI Tons Per Hour - Per Hour
FARM NUMBER 1 DIRECT~CUT GRASS SILAGE
0.43 miles hauling distance, 2.5 tons (wet) per acre average yield
1:03 PM 8.60 2.58 Not 3.01 12.04 3.61
2:20 PM 7.43 2.20 calcu- 2.97 10.61 3.14
lated
FARM NUMBER 4 SILAGE CORN
0.095 miles hauling distance, 22.6 tons (wet) per acre average yield
Single-row Chopper A Forage Blower A
Missed 12.4 Missed Missed 4.16 15.29 Missed
11:40 AM 15.5 Missed 0.74 5.00 Missed Missed
1:00 PM 18.8 4,22 0.72 5.83 21.05 4,74
1:30 PM 20.1 4.61 0.78 5.23 24,10 5.54
2:15 PM 15.1 3.75 0.94 4.1y 22,26 5.52
2:35 PM 19.1 4.05 0.85 5.33 27.33 5.79
2:50 PM 16.2 3.85 0.87 4,63 22.58 5.27
3:00 PM Missed Missed Missed 5.72 27.50 6.35
3:25 PM 4.5 3.71 Missed 4.28 24,71 6.33
4:10 PM 20.0 4.88 0.89 6.08 Missed Missed
Averages 16.9 4,15 0.83 5.04 23.11 5.65

* Sequence Start Time is the time of day at which chopping of that particular

load was started.
#* GSee page 19 for definition of 'Revised FMI'.
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APPENDIX A. .. .continued

! FARM NUMBER 5 SILAGE CORN
: 0.187 miles hauling distance, 19.8 tons (wet) per acre average yield
‘ Single-row Chopper B Forage Blower B
L eemea 24,0 5.60 0.85 4,81 24,065% 5.603%
L cmema 21.0 5.00 0.92 6.79 37.72 8.978
L emmea 21.5 5.62 0.84 6.78 42.37 11.06
L 21.2 4.39 0.90 5.39 35.93 7.44
----- Missed Missed Missed 5.38 41.38 8.36
S emem—— 22.2 h.u8 0.88 7.1u 39.67 8.01
E ----- 23.6 4,77 Missed 7.15 37.63 7.60
j Averages 22.25 4,98 0.88 6.21 39.12 8.57

% *Tpactor powering blower too small, larger one used for the rest of the loads.

FARM NUMBER 6 SILAGE CORN
15.77 tons (wet) per acre average yield

Two-row Chopper C Forage Blower C

2:25 PM 25.8 7.04 0.93 3.79 22.69 '6.19

3:45 PM 25.9 7.71 0.86 4.09 24 .49 7.30

3:50 PM 4.2 7.11 0.95 3.82 32.65 9.60

----- 25.6 7.05 0.98 4.19 20.95 5,78

----- 25.6 6.47 0.94 4.03 30.30 7.64
----- 25.4 7.10 0.95 4.02 Missed Missed
Averages 25.4 7.08 0.93 3.99 26.22 7.30
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APPENDIX A.

FARM NUMBER 7

.. .continued

SILAGE CORN

0.848 miles hauling distance, 18.14% tons (wet) per acre average yield

One-row Chopper D

Forage Blower D

11.70 2,35 0.79 5.56 41.80 8.40
9.20 2.03 0.63 .96 Missed Missed
Missed Missed Missed 6.01 32.14 6.20
10.10 1.94 0.84 6.32 34.53 6.66
Averages 10,33 2.11 0.75 5.71 36.16 7.09
FARM NUMBER 8 SILAGE CORN
Over 1 mile hauling distance, 19.27 tons (wet) per acre average yield
2:26 PM 32.8 10.41 0.86 3.05 92.42 29.24
2:44 PM 3l.4 8.34 0.73 3.43 68.6 18.17
1:15 PM 27.3 6.u46 0.97 3.52 52.54 12.45
1:26 PM 25.9 6.06 0.95 3.28 48.95 11.49
1:35 PM 23.9 5.53 0.90 3.22 6u4.4 14,94
1l:54 PM 26.0 6.23 0.88 3.43 51.19 12.28
2:05 PM 27.5 6.13 Missed 3.30 49,25 10.98
2:26 PM 22.3 4,92 0.99 2.95 59.00 12.98
2:35 PM 27.5 6.25 0.95 3.47 69.u40 15.76
2:54 PM 27.0 6.22 0.95 3.42 69.4 15.8
3:03 PM 26.0 5.75 0.94 2.86 57.2 12.6
3:25 PM 29.3 6.60 0.92 4,09 60.u45 13.6
Averages 27 .24 6.57 0.91 3.33 61.82 15.02

OTT
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APPENDIX B. Listing of Harvest Model Computer Program

Hardware and Software Requirements

The program was originally run on the McGill

University computing center's IBM 360/75 computer, operating

under the HASP operating system. The compiler used was IBM's

release 19 FORTRAN G level.

Input Variables

(Listed in order of appearance in the program)

FORTRAN
Name

RWDTH
WFCOST
MRATE
DIST
MPH
MPHR
PWU

WT

WG

pPC

FCT
FCH
MC

A

Y
MTYPE
MCOST
NA

Cp

CA

Description

Row width of silage corn when planted - in feet

Self-unloading wagon fixed cost - in dollars per hour

Labor cost - in dollars per hour per man

Distance from field to silo - in miles

Hauling rate for full wagons - in mph

Hauling rate for empty wagons - in mph

Power required to unload wagon - in hp

Load weight of silage in wagon - in tons

Weight of empty wagon - in tons

Power cost (for fuel, oil, grease) - in dollars
per hp-hr

Coefficient of rolling resistance on loam

Coefficient of rolling resistance on pathway

Moisture content (wet basis) of silage corn - in %

Crop acreage - in acres

Crop yield - in wet tons per acre

Index identifying a particular machine or power unit

List price of machine or power unit - in dollars

Index for type of machine

Capacity of machine - in wet tons per hour

List price of machine - in dollars



LIFE
CT
FMI
TOTAL
LAST
WAGON
HAULV
MEN
ACTIVA
PNA
SNA
TYPEA
NODEA
PNACA
SNACA

112

Power requirement of machine - in hp
Wear-out life of machine - in hours

List price of power unit - in dollars
Field machine index

Number of activities in network

Number of nodes in network

Number of wagons used with this network
Number of hauling vehicles used with this network
Number of men used with this network
Activity numbers going up from 1

Activity predecessor node

Activity successor node:

Type of activity

Node number starting from 1, sequentially
Activity numbers leaving node, sequential
Activity numbers entering node, sequential



FORTRAN IV G LEVFL

agal

poe2
aga3
a3as
AAgsS
afae
agar
paas
aaas
pale
g1l
ea12
adg13
pd1a
ag1s
416
aa17
8a18

go19
an2a
8d21
pe22
@23
anz24
apes
ng26
a927
pa28
@29
8839
2031
8832
8033
an3s
2435
8036
Ag37
7838
#a39
feun
984l
Ana2

apal
AAL4
a345
agah
paat
fn4n

496
San
501
542
503
140
Sas
505

lp2
536

894

Aa21

4

6
822
823

19

MAIN DATE = 71174 11749724

INTFGFR CHOPERALOWFR.TOTL+N+CFRROR, TYPEAACTTIVPNsSMeSNACPMACSC
XCHODRQCHA”LPQCVLOAQQCPETRROCDUMMncTOTALoTTtvACTIVAQPNAQSNAQPNACACQ
" XNACAF4F OCCHOP_OCHAUL7CNL0AnvCQETRNoCDU”“,YQTVCOTQSYQTEMQCHOPRvRLO"lR

XeTYPF WG

REAL MCOST S TFE «MPHoMPHR 4MRATE oL ToMEN L COST o LT IMER, I TIME

DTMENSTON
DIMENSTON
DIMENSION
DIMENSTON
DIMENSTON
DIMENSTON
DTMFNSION
DIMFNSION
DIMFNSION
DIMFNSTON
NIMENSTON
DIMENSTON
NIMENSTON
DIMENSION
DIMENSTON

MTYPE (R) 4MCOST (R) oFXCOST(R) 3CP (4) oILTIFE (&) 4CA(4) «P (4)

NA (4) «FMT (4) yCHOPFER{4) s CHOPTY (4) « CHNPT2(4) + CHAPC (4)
HAULT (4) o HAULCT (4) «HAIILC2 (4) o HAULC3 (4) sUNLOAT (4)

UNLOAC (4) oRLOYER (4) «RFTPNT (4) yRETRNT (4) «RETRN? (4)
RETRNI(4) o TYPEA(1494R) oD (188) «C(1A4) SACTIV(1a7) ,PN(107)
SM128) 4NODE (108) «SNAC(1AA410) sPNAC(1AA«18) 4 TYCE (144)
ALE) oY (S) s TOTAL(B) 4LAST(A) sACTIVA(1AP46) 4 PNA(10044)
QNA(IQZ-A).MODEA(\WG‘G)9PMACA(]Mﬂolﬂ-6)-QNACA(!ﬂﬂolﬂ-s)
CCHOP (24) « CHAUL (24) + CNLOAD (P4) s CRETRN(24) 4 CDUMMY (24)
NTIME(24) «FTXCOS(24) «WAGON (6) +HAULV (6) «MEN (6) s LCOST (24)
SYSTEM(24) «NETWRK (24) s CHOPR (24) 4 RLOWR (24) s TVCNST (24)
LTIMER (24) s TCOST(P4) 4 CT(4) s TTAOST (24) :

EFT(1ad) oEST(180) JLFT(IAN) FFT(1AA) JLFT(IAA) 4LST(188)
TFLOAT(1a0) «PFLOAT(1aa) FFLOAT (140)

LETER(2R8) 4COSTTN{?4) «COSTHR (24) + TONHR (24)

NDATA LETG”/'A'9'B'Q'C"'D'-'E','F'O'G'o'H'Q'T'Q'J'o'K'o'L'Q'M"'N
TN G P NI IR G G IT I I IO T X 1508 Pyt Lot vy

READ(5.497) PWDTH.WFCOST9MRATE,DIQT9MPH.MPHRqPWU,WT9W§9PC’FCT0FCH

FORMAT(PXe9F A 24F6.447F6,.2)

REAN(S.50a) (A(T)sI=1,K)

FOPMAT (2X 46 (2XsFLoB))

REAN(S4S81) (Y(1)sI=1,45)

FORMAT (2X45(2XeF3.0) )"

REAN(5.532) (MTYPF(1)e1=1,8)

FORPMAT (2X4R(2X<T1))

REAN(5.593) (MCOST(1)+I=1,8)

FORMAT (2X«B(2XeF5,7)) -

NO 194 T=1.06 :

REAN(S«564) NA(I)4CP(T)eCA(T) a2 (T) oL IFE(I) «CT(T) «FMI(])
FOQVAT(SXvII93X9F3.003X-F5.ﬂ03xaF3.ﬂy3X~F5.503X0F5oﬂ93on402)
no 191 J=l.6 : . s '
REAN{S5.5n5) TOTAL (J) oL AST (J) s WAGON {J) o HAULV (J) «MEN ()
FORMAT (AXeT343X0 139 3XeF2.042X9F2. 832X sF2.5)

TTL=TOTAL () '

DO S L=1.TTL :

RFEAN(S.5aA) ACTIVA(L«J) oFNA(LsJY o SNA(L« J) s TYPEA (Ls J)
FORMAT (BX413e6X91346XeTI305XT1) ’
TF(PNA(L« ) JGELSNA(LJY) GO TO RMAG

GO T0 4

WRTITE(A«B21) PNA(L«J)sSNACL ) ol oJ
FORPMAT (X4 *ERROR 87A PNA(LeJ)=?4134? SNA(LeJ)=1513s" FOR L=t,13
Xet AND J=9,411) .

GO TO Yaap

IF(t..FO. 1) GO TO 6

IF(L.6T.Y.

GO Y0 S

AMD.(ACTIVA(LoJ)-l“W).LF.(ACTTVA(L-]~J)-IGW)) G0 10 ”22

WPTTE(A4823) ACTIVA(LJ)yJ
FOPMAT (6X4 *FRROR. 822 ACTIVITY CARDS OUT OF ORDFR. ACTIVITYs 513,

X J=t414)

PAGE raal
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FORTRAN 1V 6 LEVEL 19 MATIN DATE = 71174 11/49/24 PAGE 4An2
8849 GO T0O 1444 .
pese 5  CONTINUE . _ ’ . _
aasl LSAT=LAST(J) : .
Ans2 DO 15 M=1.LSAT .
A853 183 READ(5.537) NODEA(MaJ) s (PNACA(MINsJ) oN=1017) 9 (SNACA(MsNoJ) sN=1,17)
aA54 SA7 FORYAT(2X4T342Xs1A1342Xe1413)
ARSS TF(M.FQ.1) 60 TN 15 _
LS TF(NONEA (My.J) sLE«NODEA (M=14J}) GO TO B24
10957 . GO TO 15
A0SR B24 WPITE(64A25) NONEA(MeJ)sJ
#nS59 _ B25 FOPMAT(AX4*FRROR R24 NODE CARDS OUT OF ORDERs NODE®,I34' J=t,11) :
anse G0 TO 1aaAa y : .
861 15  CONTIMUE : . . :
862 11  CONTINUE :
. 4863 caLL Fcrsr(MTYPF.MCOST.FxcosT)
. #ass : CTH=MCOST (A) v ,
- 8865 i N0 AEF G142 o B : o .
966 -~ GO TO (AN1+602) 46 _ o o : :
A067 651 FMI(1)=@,749 - o '
anes . FMI(2)=a,77
AA69 60 TO 644 o e : ‘ : .
9974 672 FMuI(1)=0,90 A ' S oo o )
4a71 FMI(2)=3,97 o E S e . t
s 2'pgT2 6a4  CONTINUE S :
; AA73 . WRITE (651501) ,
i 74 © 1541 FOR“AT(*]1") o R S : : o : . i
! 7075 N0 188 F=1.5 A - oo ]. o . v _ -
| Aa76 AT=A(F) . ' ’ S ‘ '
! ag77 L WRTITE(A4174) AT ' -
an78 184 " FORVAT (30X ¢ 'CORN STLAGE AT *+F4afls? ACQFS/YEAR';/)
pa79 N0 169 E=343
aaRrg “YD=Y(E)
CLED] TTON=AT2YD
LY : SPD1=(CP (1) #8,25) / (YN#RUDTH)
aan3 SPN?=(CP(2) #R425) / (YDARUDTHE2,)
apas WRITE(A+185) YD,SPN1,58D2
2885 185 FORMAT (14X 'AT A YIFLD OF 9,F3.08,!' TochwET)/ACRE'.ex.-CHOPPER A A
XT t.f4, ?"MPH CHOPPER B AT VoFb4.24'MPH1,4 /)
A3R6 32 CALL CHOP(CPJCT+AT+YNLIFESCA,P *WT+NA+FMI,CHOPER+ CHOPT] +CHOPT? CHO
. XPCoPCySPNI 4SPN2UGHFCT) T :
LR 31 CALL HAUL(NTSTsMPHeMCNST (HANLT «HAHLE] «HAULC2 s HAULC3 s WG o WT o FCH PC) %
BAB3 3?7 CALL UNLOAD(CP«CTsAToYDsLIFFsCAPsPHUSCTHaWT «NAUNLOAT «UNLOAC s RLOW :
. XERsPC) i
apr9 33 CALL RETUR(DIST, MPHQ.PETRNT-QFTRNIoRETQNZoRFTRN39MCOSToWGoFCHvPC) . {
LT . 36 Y=a _ = ;
agal 35 CONTINUE =
a992 : no 39 J=leh
#0893 NN 4 K=144
AA9YL 1 T=T1e1
an9s TOTL=TATAL(J)
8096 LAS=LAST (J)
0397 FRROAR=Q ) d
; #a98 CALL SETUTOTLeN4CoKyJeCHOPTY oCHOPT2 s TYPF A 3 CHOPC s HAUL T o HAUL C3 9 HAULC ’ :
™ X?.unu1r1,n~L0AT.UN1nar.nFTRNT.RFTPN?.RFTQN?.RFTRM!) e e e e e P |



FORTRAN 1V G LEVFL

28099
elan
dlal
alaz
a3
[ AN
a1as
a1e6
ez
a8
A1e9
7114
1l
ari2
#1113

114
#115
116
anz
2118
119
Al2q
2121
ar22
123
2124
2125
2124
p127
8128

#0129
9130

7131
a132

#4133
#134

A13S

" 8136

a137
2138
7139
A140
#1461
2142
a143
n146

Alas

4an

402
4a1

1894

209

150

151

152

153

157

154

155
154

19 O MAIN | DATE = 71174 11/49/24

IF (ERROR.GT.A) GO TN 1ann
CONTINUE

no 4na L=1,TOTL

ACTIV(L)Y=ACTIVA(LsD)

PN(L)=PNA (L))

SNAL)=SNA(L+J) . :
TYPF (L) =TYPEA(L,J) i .

NO 441 M=1.LAS J

NODF. (M) =NONF A (M4 J)

N0 482 N=1.14

SNAC (MoN) =SMACA (MeN,J)

PNAC (14N} =PNACA (MyN, J)

CONTINHIE

COMTINUE

CALL CPM(ACTTVePNsSNoMODE +SNACPNACD,LAS, TOTL sLTTME « CCHNPR CHAULR
Xe CNLOAQsCDFTRRqFDUMMRoTYPEoFFT-lET,TFLOAToPFLOATo‘FLOAT-FSTyEFT9LF
XT+LST)

IF (SRROR.GT.A) 60 T 1440
CCHNP (1) =CCHOPR
CHANL (1) =CHAI_R
CNLNAD(T)=CNLOAR
CRETRM(T)=CRETRR
CDUMMY (1) =CN1IMMR

TVENT=a

CONT INUE

N0 270 L=1.TOTL
TVCOT=TVCNT+C(L.)
TVLCOT=TVCOT/ 40, !
PYIME(TI=TTON/(((1A.5WT) Z(LTIMF/67,) ) #8,)

RATIO=(NTIMF(T)#8,) /76400,

GO TO (159+151.1524153), K

EXCNST= (FXPOGT(I)0(FXCOST(7)*RATIO)*FXCOST(4)+(FXCOST(R)*RATIO))/(
COTIME(1))

GO TO 157 .
EXCOST= (FXCOST(l)*(FXPOST(7)*RATIO)0FXCOST(§)0(FXCOST(7)§RATIO))/(
COTTYE(T))

G0 YO 157

EXCOST= (FXCO%T(?)#(FXCOST(6)*RATI“)+FXCO§T(4)*(FXCOST(8)*RATIO))/(
CNTIME(T))

GO Y0 157

FYNNST= (FXCOST(?)*(FXFOST(G)*RATIO)OFXCOST(S)*(FXCO%T(?)*RATIO))/(
CNTTIVE(T))

GO TO (15';!‘54'154'154015100194)o J

FIXCOS(T) = (WFCOSTHYWAGON(J) #R,.) + { (FXCOST (R) #RATIN#HAULY (J) ) 2 (DTIMF(
CT)#R,) )+ (MPATE®MENC.)) #8,) +EXCOST

G0 TO 156

FIXCOS(I)=(NFCOSTHWAGON(J) 48, )*FXC0§T0(MQATF“MFN(J)*8 )

LEOST(T) =TVLCOT+ {(FIXCOS(I) /(R #A8,) ) 4L TIMF)

SYSTEM(T)=LFTFR(T)

NFTURK (1) =J

CHOPR (1) =CHOPER (K) .
ALOWP (1) =ALOWFR (K) -

LYTUER (1) =L.TIME /60, :
TVEOST(T) =(TVLCOT/LTTIMER (1)) #8, :

1

" PAGE 24p3
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FORTRAN TV 6 LEVEL 19 MA TN ‘DATE = 71174 11749724

a146 TCOST(T)=TVCOST(T) +FIXCOS ()

0147 : TTCOST(T)=NTIME (1) #TCOST(I)

a148 COSTTN(T)=TTCOST (1)} /TTON

7149 COSTHR(I)=TTCOST(I) Z/(NTIME (1) %R.)

a15a . TONHR(T)=TTANZ(NTIME(T) #8,)

P51 48 COMTINUE . : -

a1s2 38 COMTINUFE . . :

153 1406 WRITE (A.17K) ! :

2154 126 FORMAT(/+2X¢'SYSTEM 14 LD 14 LD DAILY DAILY TOTAL DAYS FOR

: 1C0ST FOR  COST  COST  TONS'eOQXo *CRITICALITY RFPORT = ACTTIVITIES?,/

2410X4'TIME  COST  VARY _ FIXEND DAILY THIS THIS PER

3 PFR  PFR 1,AX«'CHOP HAUL UNLOAD RETURN DUMMY ¢4 /924X4 1COSTS
4COSTS COSTS  TONNAGE TONNAGE TON HOUR HOURY)

A15S no 201 1=1.24

156 272 MWRITE(A42a3) SYSTEMIT) s LTIMFR{T) 9L COSTIT) « TVCOST(T) oFIXCAS(T) 9 TCNS

) CT(I) 4NTIME(T) s TTCOST(I) 4COSTTNLI) «COSTHR(T) o TOMHR (T) o CCHOP (1) o CHALJ
CL(T)sCNLOAN(T) +CRETRNIT) 4 COUMMY(T) : .

6157 2n3 FOPMAT (4X e8] 04X oF54242XeF60202XsF5,201XeF6.29PXsF6e291XoF5e195XF7

1a2ePXoFSe3e1XaFSe201XeF5a20RX9T2904XaT1205Xe1206%Xe1295Xs17)
158 . 291 CONTINUE

a159 189 CONTINUE .
ALY WRTTE (6.1500)
A1) U 1507 FORMAT('11)
A1A2 148 COMTINUE .
8153 6A0  CONTINUE ‘
164 144G CONTINUE ' B ’ :
© M165 STND , K . " .
166 END : : ' :

®OPTTONS IN EFFECT# INJERCNIC4SOURCE +NOLTST+NONECK 4L OAN (NOMAP
*0PTIONS IN EFFECT# NAME = MAIN « LLINECNT = 56
#STATISTICS® SOURCE STATEMENTS = 1664PROGRAM SI7E = 82974@
BSTATISTICS® NO DIAGNNSTICS GENERATED ) .
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REGL
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FORTRAN Iv G LFVFL 19 MAIN DATE = 71165 16/92/4% PAGE 433)
¢ 4
C ) SURROUTINE FCOST
[ } .
aaal . SURPOUTINE FCOST(MTYPEJMCOST+FXCOST) :
aan2 REAL THI,MCOST
aaa3 NIMENSTON MTYPF(R),MrOST(R).FXCOST(B) .
agas NO 138 N=1.R : :
2085 - DP=((MCOST(N)#,092)~(4a, I*NCOST(N)))/lﬂ.
LTI R=1. ,
egatr T H=a,
LLE 194 H-(w.lan((utO;T(N)a.o:)-(R*nP)))oH
CTELY ~ TF(R.FN.18,) G2 TO 145
0019 R=P+], .
2911 60 TO lds B
anl12 1aS  IHI=H/18. v
#A13 FXCOST (N)=NP+1INHT .
- f9l14 129 CONMTINUE .
er1s ANS=p, - °
aa16 4 IF (ANS.EQ.0.) GO T0 143
a7 N0 182 N=1.8 ’
fa18 182 WRITE(AR.101) MTYPE(N)9MCOST(N)1FX(‘OST(N)
8819 141 FORMAT (AX4T11+2F108.2.7)
fe2a 123 COMTIMUF
nez2l1 RFTURN
ag22 - END

#0PTTONS IN EFFECT# ID-ERCDIC9SOURCE9KOLIST;MODFCK,LOADqNOMAP

*OPTIONS IN EFFECT# NAME = FCOST
#STATISTICS® SOURCE STATE“FNTS =
-#STATISTICS® NN DTAGNOSTICS GEMERATED

¢ LINECNT =
22+PROGRAM SIZF =

716 - n ,ﬁﬂ

LTT




aanl

gan2

e 1.1k

agaas

aras
agee

anar

- Agas

aaa9
agal1e
a1l
amre
Ar13
8414

. A@1S

0d15
aa17

fg1a
2919

pa28
2821
aa22
2823
an24
AA2S
8a26
an27
ages
fa29
na30
A3l
aa32
aa33

an3s’

aals
aa3s
aal37
9938
4339
REsqa
Agal
2042
AR4L3

FORTRAN 1V 6 LEVFL

¢
c
c

19 MATN , DATE = 71165 16792748

' SUSPOUTINE  CHOP

SURROUT INE CHOD(CPoCToAT9YDolIFE.PA.P»WT;NA9FMIoCH0PERyCHOPTl9CHOP

XT2+CHOPCoPCaSPD14SPN24WGeFCT)

104

143

17

1
12

182
1m]

1n6

107

148

185
a4

IMTFGER CHOPER
REAL MPHMPHR_TFE
DIMFNSTON CP(4). CT(A).LIFF(4)qCA(A).P(4)oNA(4).FMI(4)oCHOPER(4)sCH
XOPTY (4) «CHOPT2 (4) s CHOPC (4) s TCOST (2) sDURAY (2) +DURAZ (2]

WRITE(Ae1203) R

FODMAT (BX4 1CHOPY 45X ' TOTAL COST DURATION ACT/DUR 1 ACT/DUR 2 €
XHOPDER  CNST/HNOIIRY) E

nn 191 I=l.7_

NUR=WT/Z(CP(IY*FMI(]I))

XT=1aa.2((12.2603,)/120808,)

TART=A,12# (XT##) ,5)

TRCAST=(({(TART/18a,)%#CT(I))/19,) /6088, )*DUR

Y=(AT=YD) /CP(T)

XC=100 .8 ({17.2YY/LIFE(]))

TAQC=A  12T# (X0 ,4)

CCOST=(({((TARC/1eM/.)#CA(1)) /14, )/Y)“DUR)+(PC*P(I)*DUR)

GN TO (1d411) 1

CCOST=CCOST+ ((SPN]1#52R4a, *(WG+(WT/? ))*FCT*ZWHW.*DUR*PC)/(550.“369a
Ce))

60 TO 12 ’ ’
CCNST=CCOST+ ( (SPD2#SPRA. #(w6+(WT/2 ))*FCT*?GBW.*DUR*PC)/(555.*362&
C.))

TPOQT(I)—TPCOGT¢CCOST+(0.83*DUR)

TCOSTH=TCOST (1) /DUR

NURALITYI=NIR+ (5,/60,)

DURA2 (T)Y=NUR+(2,/64,)

WRITE(6.102) TCnST(I)oDURoDURAl(I)oDURA?(I)9NA(I)oTCOSTH

EORMAT (20X eF6e294X9F5.396XeF5.396X9F5,35TX0T11+6XeF642)

CONT INUE

NO 1685 K=l44

IF(KoFN.1NR.K.FQL2Y GO TO 106

RO TO 1a7. ) .

CHOPTY (K)=N1RA1 (1) - coLs

CHOPT? (K)=NIRA2(]) '

CHOPC{K)=TCNST (1)

CHOPER (KX )=NA(])

60 T0 145

IF (K, FN.3.0PK.FNL,4) GO TO 198

CHNDT ] (K)=N1IRA] (?)

CHODT2 (K)=NIRA? (?)

CHOPC(K)=TCNST(2)

CHOPER (K)=NA (?)

COMT INUE

CONT INUE

RF TIIRM

EHMD

|

SOPTIONS TN EFFECTa  INJERCNIC«SOURELE «NNLISTINONDECK +LOADNOMAP

_OPTIONS TN FFFFCT® MAWE = CHOP o LINECNT = 56

g s e ek S i

PAGE 8881
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FORTRAN IV G L

EVEL 19 ‘ " MAIN ' DATE = 71165 16782745 PAGE @panl

c

c

c
agal

‘eape2
apa3

aqans
a3AS
aané
- -@pa7
LELES

aeqa9
agla
a1l
AR12
a313
pal1G
Ag15
agls
pa17
aa18
ag19
-. 2823
#a21
ap22
aa23
a824
aa2s
paz6
e o3ART
90828
00829

-

#0PTIONS TN
. #O0PTIONS TM
#STATISTICS®
eSTATISTICS#

SURRNUTINE HAUL

SURROLIT INF HAUL(DIST.MDH,MCOQT.HAULT.HAULCIoHAULC?.HAULC?.NG;WT,FC
XHePr)
RE AL MPH.MCOST
NDIMENSTION HAULT(A),HAULC1(4).HAuch(A),HAULca(A).MCOST(e),CTH(a).T
XCOST (3) « TCNSTH(3) 4 TRCOST (3) .
CTH(1)=MCNST (A) . .
CTH(2)=MCNST(7) '
CTH(3)=4CNST(8)
WRITE (Ae1a4d)

148  FORMAT (RX . tHAUL 15X, tTOTAL COST DURATION ACT/DUR COST/HOUR W
XAGOM POVER COST*)

142 NUR=NIST/“PH

XT=100,%({ (14, #6487,)/12008.) .
TART=A,12%(XT##],5) 4 .
Do 4 1=1.3 ’ ‘ .
4 TRCAST(I)=((((TART/14A, )°CTH(I))/IW /600, )4DU° , iy
. WPCNST= (MPHE52Ra, *(WG*WT)*FCH*ZHW“.*DUR*PC)/(55“.*305“ )
.. DO S5 1=1.3

TCOSTULI)=TRCOST(I) +WPCOST+ (A, R?*DUR) . . A -
5 TCNSTH(T)=TCOST (1) /DUR

NURA=DHYR+ (2, /64, )

NO & T=1.71
6 WRITE (4. 191) TCQQT(I)QDUQvDURﬁ TCOSTH(T) +WPCOST

141 FORMAT (22X oeF6a2 44X eF5.395XsF5e394XeF64 2+411XsF6,.2)

193 NO 184 K=1.4
HAULT(K)=DUQA
HAULC1 (K)=TCOST(1)
HAULC?2 (K)Y=TCOST (2)

124 HAULC3(K)=TCOST(3)

135 CONTINUE

RETURN
END _ ,
FFFECT# INERCDTICsSNURCE 4NOLIST«NODECK s LOADJNOMAP >
EFFECT# NAME = HAUL « LINECNT = SA
SOURCE STATFMENTS = 29,PROGRAM SIZF = 1276
NO DIAGNNSTICS GENMFRATED . .

6TT



B et 0 U PP

9001

- AR

3203
aga4

agas
anas

faav
agas
a9@809
fa1a
A1l
ag1e
2313
P34
aals
pa1s
pe17
23118
a1
aaza
2821
en22
7923
2a24
@a2s
ae24
fa27
P28
ange9
fe38
2731
fR32
2a33
8a34
B35
20236
‘AA37

" FORTRAN IV 6 LEVEL 19 o MAIN  DATE = 7116% 16702748

c .
c - . SURROUTINE UNLOAD .
€ i

SURRQUTINE UMLOAN(CPeCToAT o YN LIFESCAsPsPWUSCTHsWT o NASUNLOAT s UNLOA
XC+RLOWER,LPC)

INTFGFR RIOYER

QE‘\' MPH4MPHR|_TFF

DIMENSTON CP(Q)-CT(A)wLIFE(Q);CA(4)9P(4)9NA(4)-UNLOAT(4)9UNL0AC(4)

'XoTCOST(h) DURA(4) +RLOWER(4)
WRITE (f.]100)

184 FORPMAT (RX« *UNLOAD TOTAL COST DURATION ACT/DUR COST{HOUQ 8LOW

-

XFR1)
193 . D0 181 T=3.4 . ,

T DUR=WT/CP(T) ' -
le=laﬂ.*((1“.“‘\"“1)/12“““.’ : )
TART]1=2,12#(XT12##],5)

TICAST=((((TART1/164, )«CT(I))/ln.)/szn ) #DUR

Y=(AT#YD) /CP(])

YR=1AA.,#((13.#Y)/LIFE(]))

- TARR=A,127# (XR##],4) :

RCOST=(((((TARR/1A7, )#CA(I))/10.)/Y)*DUR)+(PC*P(I)*DUR)
. WCOST=PCHPuUlJ*M)R

" T2CNST=((((TARTI/14a.)4#CTH) 210, ) /768%.) #DUR

© TCOST(T)=TICNST+RCOST+YCOST+T2COST+ (g.83#DUR)
TCOSTH=TCNST (1) /NUP
NURA(T)=NUR+ (2. /60,)

WRITE(fe132) TCOST(I)’DUQ-DUQA(I)QTCOSTH.NA(I)
102 FORPUAT(PEXeFAL2 44X 9F543e5XoFSe344XsFbe ?.7x,11)
171 CONTINUE

N0 134 K=144
IF(KaFRa1.NRKeFQ.3) GN TO 1AS
GN T0 106 .
185 UNLOAT(K) =NUIRA(3)
UNLOLC(K)=TCOST (3)
BLOVWER (K)=NA(3)
GO TO 144
186 IF (K FN.2.0R.K.,FA.4) GO TO 187
187  UNLOAT (K)=NURA (4)
UNLOAR(KY=TAOST (4)
RLOVER (K)=NA(4)
176 CONTINUE
RETURM
END

#0PTTIOMS IN FFFECT#  IDJEBCNTCoSOURCE +NOLISTNONDECK 9L OAN,NOMAP
#NOTIONS TN FFFECT® NAME = UNLOAD o LINECNT = S6

BSTATISTICSH SOURCE. STATFMENTS =
#STATISTICS® NN DTAGMOSTICS GEMERATED

37+PROGRAM SIZF = 1644

PAGE 471
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FORTRAN IV G LEVEL 19 ; MAIN DATE = 71165 16782749

c

c - ) SUARNUTINE RETUR
¢ _
aga) SURROUTINE QFTUP(DIGT.MDHR.DFTRNToPETRNIqRETRN?-RFTRN3quOST9WGsFC
XH,PM) .
a8a2 REAL. MPH.MPHR4MAOST '
aga3 NIMFNSTON RFETRNT (4) sRETRN3 (4) o RFTRN2(4)0RETRN1(4)9MCOST(R)0TRCOST(
X3) s TCOST(R) «TENSTH(I) o CTH(3) -
LI 99 CTH(1)=MCOST(6)
Agas CTH(2)=MCOST(T)
aAa6 CTH(3)=MCNST (R) .
paaT WRITE (felan) ' . ) . :
aa08 188 FORMAT(2X,*PETUPN  TOTAL COST DURATION ACT/DUR COST/HOUR WA
: XGON POWER COST?) ' :
CLET 182  DUP=DTIST/YPHR
8318 XT=140.%((10.%600.) 712000.)
11 C . TAPT=a,12# (XT#w],5)
Ag12 N0 4 T=1.3
813 &4 TRCOST(I}=((({TART/10a4. )*CTH(I))/]H )/76@7.)#DUR
4816 - WPCOST= (MPHRE5224  #NGHF CHE244A « #DUR#PC) / (550,%36049.,)
915 NN 5 T=1.3
age _TeNSTIT)=TRAOST (1) +WPCOST+ (A, 835DUR)
ARLT S TCOSTH{(IY=TONST(I)/NUR
ag18 ) NURA=NUR+ (2./67,)
ag19 NN A T=1,3 '
8A28 6 UYRTTE(Re1#1) TCnST(!)oDURoDURA-TCnSTH(I)9wpcn§T
ag21 181 FOPMAT(2AXaFha? 44X eF5.395XeF5e304XeF6.2511XeFHh2)
ap22 183 DD 145 K=1.4
823 RETRNT (K)=DURA
7024 RFTRNT (K)=TCNST (1)
Aa’5 RETPND (K)=TCOST (2)
2026 185 RETRNI(K)=TCOST(3) .
an27 124 CONTINUE :
9028 . RETURM
#4229 ) D)
“OPTIONS TN EFFECT# INJFACNTC«SOURCE +NOLIST «NONECK «LOAD 4 NOMAP
“QPTIONS IN FFFECT® NAME = RETU® o LINECNT = 56

#STATISTICS® SOURCF. STATEMENTS = ?Q.PROGPAM SIZE = 1252 -
#STATISTICS® NN DIAGNNSTICS GENFRATED : -

PAGE 2771
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FORTRAN IV 6 LFVFL 19 : . MAIN g DATE = 71165 16782749 PAGE £ag1
C
c SURROUT INE SET

fANl

aae2
883

Agas
anes
2nas
fanr
aaas
a9a9
LY
a1l
aa12
ar13
f2146
aa1s
pale
2a17
na18
a9
2920
‘aazl
9p22
2923
AA2a
nazs
a326
aaz27
fazg
Aa29
G35
#9831
2932
2333
Aa34
2235
2834
na37
8438
2839
LI
angs)
ans?2
ABas3
1 TN
apas
LLTX
nngLr
fgaLn

c

99

94

98

97

QA

»

SURPQUTINE SET(TOTLNDCeKsJsCHAPTY 4CHOPT2+TYPEA«CHNPCoHAULTsHAULC
XeHAULC? «HAUL CY «UNLOAT s UNLOACWARETRNT yRETRN3 « RETRN2 4 RETRNY )

INTEGER TOTLeDeCosFRROPTYPEA,TYP

NDIMENSTION CHOPT](K)vCHﬂPTZ(K)QTYPFA(IEWQS)OCHOPC(K)oHAULT(K)oHAULC
X3 (KY +HAULE? (K) o HAULCT (K) s UNLOAT (K) sUNLOAC (K) s RETRNT (K) sRETRN3 (K) s R
XFTRM2 (K) «RETRN] (K) +D(TOTL) + C(TOTL)

N0 1ed L=1.TOTL

TYP=TYPEA(L+J)

GO TO (99+49R4974964595), TYP

TIF(JaFDL1) 6O TN 94

X2=CHOPT2 (K) 59,

D) =x?+.5

C2=CHNOC(K) #1047,

C(L)=C2+.5

GO T0 199

X1=CHOPT] (K) #64,

DLYI=XT1+.5

CI1=CHOPC(K)#1p@a,

Cy=Cr+,5

GO T0 14aa

XI=HAULT (K) #60a,

N{LI=X3+.5

TF(JeENL14AMD (KL EQ.1.0R.K.EN.2)) GO TO }
TFlIeFEN1aAMD L (KoENe3.0RKFRL4)Y) GO TO 2
C3=HAULC3(K) #1484,

C(L)=C+,5

60 TO 104

C3=HANLC2(K) #1449,
C(LY=C3+,5

GN TN 149
C3=HAULCI(K)®#1aa,
CUr)=C3+.5

60 TO 140 .
X4=1INLOAT (K) %65,
NY=X4+,5
C4=1NLOAC(K) ) aqa,
Cll)=Ca+ .5

- 6RO TO 123

XS=PETRNT (K) #64,

N{LY=X8+.5

IF(J.EN,1.8MD. (K,EQ.T1.0R.K.ERL.2)) GO TO 3
TF(JeFN1eANDL (KoEQe3.0R.KeFNe4)) GO TO &
CS=RETRN3(K)#1ag,

C(.)=CS+,.8

GO T0 149

CS5=RETRN2 (K)#]14aa,

CllL)y=CS+ .5

GO YO 149

CS=PETRN1 (K) #1da,

CULYI=CSe+ .S

GO T0 lno

2zt
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FORTRAN IV G LEVEL " 19 SEY " DATE =.T1165 16782749 PAGE aaf2
A049 Q5  N(L)=a
agsa cy=a .
aasl 126 CONTINUE
a852 AMS=3, :
#0853 IF (ANS,,EN.R.) GO TN 141 .
aass NO 173 M=l.%
#8955 123 WRITE(6+102) CHOPTI(N)9CH0PT?(M)oCHOPC(M)oHAULT(M)’HAULC3(M),HAULC
X?(M)oHauLCl(“)-UNLOAT(M)oUNLOAC(M),PETRNT(“)9RFTRN3(M);RETRN2(M).R
. XETRNY (V)
8056 102 FORPMAT(2X+13F5.34//) oy
057 181  CONTINUE
aass RETHURN
#0859 EMND ‘
. I
-#OPTTONS IN EFFECT® IN+ERCNICsSOURCE sNOLIST«NODECK oLOAD s NOMAP
#OPTIONS TN EFFECT%# NAME = SET s LINECNT = 56
#STATISTICS® SOURCE STATEMENTS =

#STATISTICS®

NO DIARNOSTICS GENMERATED

59.PROGRAM SIZE = 2900

€21
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FORTRAN 1V G LEVFL 19 . MAIN

8enl

aan2

aenA3

8004

ARas
paas
ana7
saan
aaa9
aalg
9011
0a)2
aa13
aa14
-A915
2a16
9417
a913

219

3020
ezl
fn22

n823
2r26
an2s
na2s
8027
8a28
AR29
7830
aa31
an32
faa33.
CLETS

LEL
aa35
ea37
pa38
aR39

Adan
agal
fgaL2
R4
Bp4G

~

€
c
c

1

128
122

121
22

23

24
2R

DATE = 71165  16/02/4p

+ - SURROUTINE  CPM

SUéQOUTIME CPM(ACTIV.PN.SN»NODE;SNACqPNACvDoLASqTOTLoLITMEoCCHOPRo

XCHAYLP +CNLOARyCRETRR e CNUNMR « TYPE s EET s LET» TFLOAT o PFLOAT s FFLOATSEST o
XFFTSLFT.LST) ’

QEAL LTIMF . ~

INTFGFR FIRGT.TOTAL.ACTIV.D.C.PN,SN.SNAC.PNAC;EEToTFLOAT;PFLOAT,FF
XLOATyEST.EFTodeoTOTL,TYPE-TYP.CCHOPR,CHAULPoCNLOAQ.CRETRR.CDuMMQ
DIMFNSTON ACTIV(lﬂﬂ)oﬁ(lﬁﬂ).PN(lﬂa)oSN(lﬂﬂ),NOOE(IGﬂ)9SNAC(16ﬂ.lﬂ)
x.PNAC(lwn.la)oEET(laq),LET(luﬂ)-TFLOAT(lna).PFLOAT(lﬂa)'FFLOAT(lﬂﬂ
X)SFSTOIAM SFFT(1AR) 4LFT(163) sLST(188) «TYPE(10) )
TOTAL=TOTL
-LAST=LAS _

FIRST=NONE (1)

J=1

LET (D) =a

EET(J)=9

DO 23 JU=24LAST

K=1

IF (SNAC(JsK) EQ.F) GO TO 1264

GO YO 121 .
WRTTE(Ae122) SNAC(JeK) 9 JoK : ’ .
FORMAT (AX« 'FRROR 128 SNAC(JeK)="414,? =19]2¢0 K=19124/)
FRROR=]1+ERINR )
GO T0O 193 : :

EET(NONE (J) ) =D (SNAC(JsK)=1aG) +EET (PN(SNAC (JyK)=181))

K=K+

TF(SNAC(JeK) EQ. M) GO TO 23 :
TF(D(SNAC(J.K)-IHB)*EET(PN(SNAC(J.K)-]G“)).LE-EET(NODE(J))) GO TO
X2 - ‘
EET(NODE(J))=D(SNAC(J.K)-18H)OEET(PN(SNAC(JyK)-IHG))

G0 TO 22 ) S

CONTINIE

J=LAST

LTIME=FFT(J)

LET(NODE () ) =EET (NONE (J))

J=J-1 ) :

K=1

TF(PNAC(J«K) EQ.B) GO TO 132

GO T0 131

13% NRTITE(A4132) PNAC(J,K)

132
131

?5

27

FORMAT (KX 1ERPNP 139 PNAC(JKI=?eT44/)
G0 TN 143 : '

LET(NONF (J))=LET (SN(PNAC(JsK)=190))-D(PNAC(J+K)~174)

K=K+]}

TFAPNAC(JsK)EQ.A.) GO TO 25

TE(LET (SN(PNAC(JeK)=170)) =D (PNAC (J+K) =1708) «6T.LET(NODE (J))) GO TO
X26 _

LET(NONF () ) =LET (SN(PNAC (J+K)=100a) ) =D (PNAC (JsK) ~100)

GO T0 2726 .

TF(MONF (J) sEQF IRSTLORNONE (J) JLT.FIRST) GO TO 27
GO TO 73 .

CONT IM)E

PAGE #4491



FORTRAN 1V 6 LEVFL

LEIS
PB4k
apa7
*e48
8049
A0S0
a0S1
8652
8653
2054
#955
8656
nas7
“aass
#859
nang
agal
LTIy
ag63
aa6s
PRES
eaeh
poAT
A0es
2069
an7a
an71
7872

an73

Aa74
AA7S
376
2877
aa78

aq79 -

aaRn
gnal
aga2
‘pAR3
[ T.EYA
AARS
fARE
A9R7
agng

AARG
poog

c
c .F
c

41

149
142

141

" 143
144
145
146
147

148
40

152
152

151

Sa
2
0

A

NO A2 T=1.TOTAL

1 - - cPM DATE = 71165 16702744

LOAT CALCULATIONS

CCHNPR=¢
CHANLR=q
CMLNAR=1
CPFTRR=p
cNiMMR =a
N0 49 1=1.TOTAL
IF(SN(T)LEL.A.OPPN(I).LELA) GO TO 140

60 T0 141

WRITE (5+142) SN(T)4PN{T) 1 v
FOPRAT (AX4 YERROP 145  SN(I)=%9T44"  PN(I)=VeTby? 1=151247)
60 TQ 103 S
TELNAT(T)=LFT(SM(I))=FET(PN(T))-D(T)
PFLOAT(I)=LET(SM(I))-FET{SN(T))
FFLOAT(I)=TFLOAT(I)-PFLOAT ()

IF(TFLOAT(T).LE.4) GO TO 143

GO TO 419

TYP=TYPE(])

GO0 TO (1444145414651479148) TYP

CCHNPR= CCHNPR4+]

GO TO 40

CHAILR=CHANLR +1

G0 TO 4f -

CNLOAP=CNLNOAR+

GO TO 4a

CRETRR=CRFTRP+]

G0 TO a0

CDILIAMR=COIMMR + |

COMT IMUF,

ANS=A, . ’ IR . N

IF(ANS,FR.2.) Gn TO 194
N0 S3 I=1.TOTAL :
TF(SN(T) l.Fo2.0PPN(1).LE. ) GO TO 15n

6N T0 151

WRITE(A4157)  SN(T)+PM(T) 1

FORUAT(6X41FRROR 159  SN(I)=",144%  PN(I)=tyT4et I=1,12+/)
FRPNR=FPROR+] '

60 TO 142

FST(T)=EFT(PN(T)) .

FETUI)=EST(I) +0 (1)

LFTCD = FT(SM(T))

LST(D=LFT(I)~N(T)

CONT INUE

WRITE(A.70) .
FORMAT(AX«*ACTIVITY DURATION EAPLIEST EARLIEST LATEST LATEST
X TOTAL INTERFERING FREEV«/«26Xe'START 45X 4 tFINISH START FI

XNTSH FLAAT FlOAT'-ﬂx.'FLﬂAT'-/o?6Xa'TIME'y6X9'TIME',6X¢'TIMF
X TIMF®./)
CONT INUFE
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FORTRAN IV 6 LEVEL 19 cP

eSTATISTICS®

DATE = 71165 16792749

agol 61 WRITE{6.67) ACTTVLI) oD(T) oESTLT) sEFT(I) oLST(TL) oLFT(I) s TFLOAT(I) 4PF
XLOAT(T) FFLOAT(T) -

A8 FORMAT(7X9T1595XelI505Xe1595Xs1594X91593X01594X91593X915+6X0915)

62 CONTINUF .

164 COMNTINUE

aa9s 193 CONTINUE o

Ag9s RFTURN ) . ‘

aaq7 - ENMD . T

ae92
2093
agay

#0PTIONS IN EFFECT® INWERCNICSOURCE NOLISTNONECK +LOAD, NOMAP o o : E
#0OPTIONS IN EFFECT® NAME = CPM
eSTATISTICSH SOURCE STATEMENTS =

97+PROGRAM SIZF =
NO DIAGNNSTICS GENERATED ’

4432

°STATISTICS® NO DIAGNNSTICS THIS STEP .

o LINECNT = 56 N
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FORTRAN 1V G LEVEL 19 : . PLOTA DATE = 71127 ' 79732736 PAGE 8861

8801
ega2

poe3 .

0894
2885

- 8886
82497
oap8
apn9
go1e
#8111
0812
8413
paYa
8015
8a16
2917
9018
819
6g2o
ag2l
ega2
@823
#8824
0825
8626
8027
8828
8929

8338

8831
pa32
0633

A334°

8635
8036
2037
8838
8939
8049
8041
2042
0843
0044
0845
8046
8947
ag48
8849
8650
8851
8852

0953

11.

188
12

114

13
12

14
125
126

127
128

111
121
129
134
114
131
132
133
134

135
136

137
L

" SUBROUTINE PLOTA(XAXISeYAXISsM)

OIMENSION XAXIS(M)sYAXIS(M) .

DIMENSION YSCALE (51)9XSCALE(181) sLSCALE(1A1) ,
LOGICAL®]1 CHART(S1+1A1)4LETTER(28),LSL(181) .

DATA LETTER/TAVQUBI4T1C 1DV tE1, Pty 0Gr tHI 1Ty g0 0K, 0L 0, 1Me, 0N
10910 g tP 00 g IRIGISIGITIQIUIGIVIIHIQIX 08,0 140 1,1 vy '
BTIME=Q, . '
BCOST=18,

00 114 I=1l4M . .

IF(YAXIS(T)=RBCOST) 1A8,188,11

BCOST=YAXIS(])

IF (XAXIS{T)=-BTIME) 1105118512

BTIME=XAXIS(I)

CONTINUE | e

IF(RCOST«LT.58) GO TO 13

LSC=BCOST/S54,

LC=1

G0 TO 124

LSC=5a./8C0ST

LC=2

IF(RTIME.LT.186.) GO TO 14

LST=BTIME/174a.

LT=1

GO 10 125

LST=1642./RTIME

Ly=2

00 121 J=1,51

GO TO (126+127)4 LC

YSCALE (J)=J2LSC

GO TO 128 : T : : -
YSCALE (J)=J/LSC - - ~ '

CONT INUE R , .

00 111 K=1,101" g h R
CHART (J,K)=LETTER(26) o c -
CONTINUE : R -

D0 114 K=1,101 B oo e T
GO TO (129,138), LT ' ' B
XSCALE (K) =K#LST

GO T0 114 _

XSCALE (K) =K/LSTY

CONTINUE

N0 112 I=1M .

GO TO (131,132), LC

J=YAXIS (1) /LSC

60 70 133

J=YAXTIS (1) #LSC :

GO TO (1344135), LT

K=XAXIS (1) /LST

60 .70 136

K=xaxistiyeLstr
IF(J):s6T451.0RK,6Te101.) GO TO 137

GO TO 138

WRITE(6+59) JoK

FORMAT (3X, ' ITS NOT WORKING'02X9I392X9I3).

Lzt
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FORTRAN IV G LEVEL 19 : - PLOTA DATE 127 - 89732736 PAGE 9082
8054 G0 T0 51 :

8055 138 CHART (JoK)=LETTER(I)

9056 112 CONTINUE _

4557 . WRITE(&,23) . L .
8058 23 FORMAT(917,3Xs0COST IN DOLLARS GRAPH OF COST VS TIME,/)
8859 . D0 264 K=1,141 . _
0060 . LSCALE (K)=XSCALE (K)

9061 . “'288 LSL(K)=LETTER(26)

8062 DO 281 K=1,141

A063 IF (K.EQ.1) GO TO 201

8664 IF (LSCALE (K=1) +NE . LSCALE (K)) LSL(K)-LETTER(ZS)

8065 261 CONTINUE

8066 D0 113 LJ=1,51

8067 J=52-LJ

8068 . WRITE{6928) YSCALE(J)y (CHART (JsK) sK= 1.1n1)

8069 113 CONTINUE

04780 20 . FORMAT(' 7,5X,F18.f0s749,181A1) , ,
8971 , WRITE(6522) (LSL(K)sK=1p18))
8a72. 22 FORMAT (¢ 'ol6xolﬂl('+')./gl6XclﬂlAlo//l,SlX"TIF:,IN DAYS?)
8073 : IF(LT.NEL1) GO TO 24

8074 . WRITE(6,68) LST

8875 64  FORMAT (44X *WARNING= MAX TIME GREATER THAN 168 DAYS LST=1,13)
8676 24 CONTINUE , ‘

8877 S1 CONTINUE

8878 RETURN o

8879 . END -
2OPTIONS IN EFFECT® IDsEBCDICy»SOURCE,NOLTSToNODECK sLOAD,NOMAP
®OPTIONS IN EFFECT# NAME = PLOTA . 4 LINECNT = - S6 .
#STATISTICS®  _ SOURCE STATEMENTS = 79sPROGRAM SIZE = 9132
#STATISTICS® NO DIAGNOSTICS GENERATED -
#STATISTICS®

_ NO DIAGNOSTICS THIS STEP

s R
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