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ABSTRACT 

Bruce D. Narsted 

A SYSTEMS ANALYSIS OF SILAGE CORN HARVESTING METHODS 

AND ECONOMIeS FOR SOUTHWESTERN QUEBEC 

A computer pro gram 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 ta represent tactical combinations 

of machines. The economics of the 24 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 work 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 aptimization, 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 complet ion 

of a proposed computerized optimization. 



ACKNOWLEDGEMENTS 

The author would like to thank Dr. R.M. Halyk who 

directed the research and assisted greatly with ideas and 

suggestions from the inception of this work. Thanks are 

also extended to Professor R.S. Broughton and 

Professor E.R. Norris for their suggestions pertaining to 

the chapter on weather effects. The work study was done 

with the valuable assistance of Mr. R. Emmett. Without the 

financial assistance of the Quebec Agricultural Research 

Council, this work would not have been possible. 



r 

Chapter 

l 

II 

III 

IV 

TABLE OF CONTENTS 

ABSTRACT 

ACKNOWLEDGEMENTS 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

INTRODUCTION ..•••............•.•.••...••...• 

OBJECTIVES .•..••..•..•.... e .••••••••••••••••• 

REVIEW OF LITERATURE ................•....... 

INPUT FOR HARVEST SYSTEM MODEL ............. . 
A. Machinery and Capacities .••.•.•.•.... 
B. Machinery Cost Ana1ysis .•••...•.....• 
C. Machinery Systems •..••..•.•...•••••.. 

Page 

1 

5 

6 

12 
12 
20 
26 

V HARVEST SYSTEM COMPUTER MODEL DEVELOPMENT... 35 

VI RESULTS OF INITIAL COMPUTER MODEL RUN....... 41 

VII SENSITIVITY STUDY........................... 54 
A. Sensitivity to Hau1ing Distance...... 54 
B. Sensitivity to Load Weight........... 59 
C. Sensitivity to Field Machine 

Efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . 65 

VIII ANALYSIS OF WEATHER EFFECTS................. 71 

IX POSSIBILITIES FOR OPTIMIZATION.............. 83 

X CONCLUSIONS. • . . . . . • • . . . . . . . . • . . . . . . . • . . . . . • . 95 

XI SUGGESTIONS FOR FUTURE RESEARCH............. 100 

LITERATURE CITED............................ 102 



APPENDICES 
A. Work Study Data....... • • • • • • . • . • • • • • • • 108 
B. Listing of Harvest Mode1 Computer 

program. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III 



Table 

1. 

2. 

3. 

LIST OF TABLES 

Summary of Machine Capacities used in 
Development of Harvest Model •••.•••••••••••• 

Network Machinery and Labor Requirements •••• 

Example of Harvest Model Program Output ••••• 

4. Machine and Labor Complement of Each Harvest 

Page 

17 

34 

42 

System. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 1J.5 

5. 

6. 

7 • 

8. 

9. 

10. 

Il. 

12. 

13. 

14. 

15. 

16. 

Machine System Capacity: Results from 
Initial Run of Harvest Model Computer Program 

Input Data for Initial Run of Harvest Model 
Computer Pro gram ••••••••••••••••••••••••••••• 

Activity Durations: Sensitivity to Hauling 
Di st ance .................................... . 

Criticality Reports: Sensitivity to Hauling 
Di stance .................................... . 

Activity Durations: Sensitivity to Load 
Weight ...................................... . 

Criticality Reports: Sensitivity to Load 
Weight ...................................... . 

ReviseQ Field Machine Indices used in 
Sensitivity Study of Field Efficiency •••••••• 

Chopping Activity Durations and Chopper 
Capacities for the Sensitivity Study of Field 
Efficiency .................................. . 

Criticality Reports: Sensitivity to Forage 
Chopper Field Efficiency ••••••••••••••••••••• 

Non-Work Day Probabilities for L'Assomption •• 

Non-Work Day Probabilities for Lennoxville ••• 

Non-Work Day Probabilities for St. Hyacinthe. 

49 

50-51 

55 

56 

61 

62 

67' 

67 

68 

79 

80 

81 



Figure 

1. 

2. 

3. 

4. 

5. 

6. 

7 • 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

LIST OF FIGURES 

Activi ty Network 1 .......... 0 ••••••••••••••• 

Activity Network 2 ......................... . 

Activity Network 3 ......................... . 

Activity Network 4 •••••••••••••••.•••••••.••• 

Activity Network 5 .. ~, ...................... . 

Act i vi ty Networak 6 .••..•••••..•••..........• 

Flow Chart of Computer Mode1 of Si1age Corn 
Harve st ing ................................. . 

Examp1e of Subroutine PLOTA Output •••••••.•• 

Variation of Cost per Ton with Yie1d and 
Acreage for Severa1 Se1ected Machine Systems 

Cost per Ton: Sensitivity to Hau1ing 
Distance ................................... . 

Cost per Ton: Sensitivity to Load Weight ••• 

Cost per Ton: Sensitivity to Forage Chopper 
Field Machine Index ••••••••••••••••••••••••• 

Probabi1ity of a Non-Work Day for Three 
Locations in Southwestern Quebec •••••••••••• 

Probable Harvest Durations for Two Locations 

Economie Re1ationship of Costs and Returns •• 

Flow Chart of Returns Function A1gorithm •••• 

Year1y Cost of Operation versus Machine 
System Capaci ty ............................ . 

Page 

29 

29 

30, 

31 

32 

33 

37-38-39-40 

43 

47 

58 

63 

69 

77 

82 

86 

89-90-91 

94 



l INTRODUCTION 

Forage chopping done on the farm is becoming a major 

source of stored feed on Quebec dairy farms. Corn si1age 
~ 

is one of the major constituents. Over the three year 

period 1966 to 1968, the acreage of si1age corn grown in 

Quebec increased over 14 percent; ·from 73,854 acres in 1966, 

to 86,000 acres in 1968 (1, Il). 

There are prob1ems of an economic and management nature 

associated with Quebec dairy farm operations. Severa1 

government studies have recognized this and comment that the 

dairy farm is a low return enterprise (59, 61). This fact 

coupled with the "cost-priee squeeze" documented by the 

Royal Commission on Farm Maehinery (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 ehosen. 

To analyse the effect of various machinery management 

input parameters on silage-corn harvesting, a mathematical 

model incorporating machinery eosts 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 
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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 cr op value versus time 

function and weather interference as weIl 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 similar computer model to 

determine theoretical performance of a n~~ber 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. 
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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). Ananalysis 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. 
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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 aIl. 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 combinat ions 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. 

5 



III REVIEW OF LITERATURE 

In the 1ast twenty-five years, the amount of research 

done on farm machinery management has increased radica11y. 

Seferovich (55) in 1962 presented a review of the deve1op­

ment and growth of farm machinery management research to 

that year. He stated that ear1y research efforts just 

after the second wor1d war were of the budgetary or 

ana1ytica1 type. He showed how, in the 1ate fifties, the 

econometric synthesis approach had been deve10ped by 

Barnes (6) and 1ater by Hunt (21). The next approach taken 

was the use of system ana1ysis and in this connection 

Seferovich mentioned the work by MacHardy (31). 

In the years from 1960 to 1968, the advent of low 

cost, high-speed computing has a110wed a considerable 

number of computerized systems studies of farm machinery 

management. These computerized studies incorporated a 

great number of factors that cou1d not previous1ybe 

hand1ed. The resu1ting comp1exity of the prob1em necessi­

tated the systems approach. The systems approach as 

defined here invo1ves the use of one or more of the too1s 

of operations research to analyse the operation or enter­

prise under study. 

Among the first of these computerized systems studies 

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

6 



Later work was done by Link (28), Hunt (22), Fuller (17), 

Preston (46) and Stapleton (57). 

7 

Peart et al (44) used linear programming and network 

techniques to study farmstead materials handling equipment. 

Mac Hardy (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 f?r the total farm operation in selecting machinery 

for a specifie task· ~hat 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 
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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 et 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 aIl 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 specifie 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 

aIl the various network techniques and how they could apply 

9 

to agricultural machinery management was made by Peart et al 

(45); however, he did not recognize. its usefulness in studying 

the performance of a tactical combinat ion of machinery. A 

tactical combinat ion of machinery is defined here as a 

specific operating co~bination 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 combinat ion of machinery is defined here as one 

which can only be changed by changing 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 sensitivity analysis, the y 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 rarm 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 



co st of labor. Similarly, Morey et al (41) studied the 

sensitivity of the optimum policy for corn harvesting to 

changes in custom harvesting charges. 
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Only a few studies have been do ne to determine the 

sensitivity of machine system performance to factors charac-

teristic of a farm's physical layout or an operator'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 tactica1 

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 genera1 

cost versus capacity function and th en selected, via sorne 

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 (SO), previously outlined, 

is a good example of the second type of machinery selection 

study as is the work by Fluck (lS). 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. T~is 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 for 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 capacity are 

expressed as acres per hour and tons of crop handled per 

hour. 

Donaldson (14) 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 

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 



14 

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 most farmers, may differ by 

a significant am ou nt 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 effects 

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 harvesting 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 t'o 

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 fi Il 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 four 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 flywheel 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 
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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 l, 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 note 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 Deve10pment of 
Harvest Mode1. 

Forage Choppers 

Capacity 
Machine in Wet Tons Revised 

Number .per ho ur FMI Type 

1 20 0.85 International Harvester 
1-row 

2 40 0.92 International Harvester 
2-row 

Forage B10wers 

4 20 1.00 New Ho11and 23 
Hopper type 

5 35 1.00 New Ho11and 26 
Hopper type 

Se1f-Un1oading Wagon - John Deere 214 

Capacity: 5.00 wet tons at 3.00 mph for average hau1ing 
distance of 0.25 miles (one way). 

Assumed Conditions: 
36 inch row spacing 

350 

550 

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 po or 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 simi1ar manufacture were 

used in the ana1ysis. They are presented in Table 1 with 

appropriate data. 

Se1f-Un1oading Wagons 

The load capacity for se1f-un1oading wagons observed in 

the work study was around 3.50 tons for hay1age and 5.00 tons 

for silage-corn (due to the difference in moisture content of 

the two crops). It was previous1y mentioned, however, that in 

one case the capacity of the wagons was limited by soft soi1 

conditions whi1e they were hitched behind the forage chopper. 

Clark and Norris (12) recognized this as a prob1em and designed 

an automatic draft control for a se1f-powered forage wagon, 

and in this way increased the mObi1ity of the tractor-chopper­

wagon unit. No attempt, however, was made to corre1ate soi1 

conditions with hauling capacity of wagons in the work study 

do ne for this thesis. 

The trave1 rate of wagons being towed backto the silo 

averaged at 3.00 mph. Variation was great with trave1 rates 

ranging between 1.75 and 5.50 mph. 

In the ana1ysis, only one mode1 of wagon, a John Deere 

Mode1 214, was used. It had :a capacity of 5.00 tons (wet) of 

corn si1age. The hau1ing rate used was 3.00 mph. Increases 

in hauling capacity in the mode1 were gained by using one, 

two, or three wagons in sequence with one or two towing tractors. 
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Table l 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, turnin~ 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 is also desirable that the costing 

method be relatively simple and yet conform to generally 
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accepted practice in agricu1tura1 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 1ine depreciation 

and addition of tract or fixed costs were a1so used in the 

ana1ysis. 

Depreciation 

Straight 1ine depreciation over a ten year economic 

1ife was used in order to simp1ify the mode1. At 1east two 

other studies have used straight 1ine depreciation over ten 

years for harvesting equipment (10, 16). A ca1cu1ation 

using the sma11est 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 periode 

The formula for depreciation using 10 percent of initial 

list price as the salvage value is: 

where 

•.. 1 

Dp = depreciation cost per year 

C. = list price 1ess 8% (usual dealer discount (48» 
~ 

Pl = list price 
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Use of the actua1 price paid by the farmer in ca1cu1ating 

depreciation has been suggested by Morris (42) and more 

recent1y by the ASAE D 230.2 (3). 

Interest, Housing and Insurance 

These items are a11 expressed as an annua1 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 (C. -
l. 

nDp) ••• 2 

where 

IH! = annual charge for interest,housing and insurance 

n = age of machine in years 

Formula 2 is not to be taken as a functiona1 re1ationship 

since it is more 1ike1y that depreciation is actua11y 

inverse1y proportiona1 to housing costs; the more money spent 

on housing, the lower the depreciation charges. 



Repairs and Maintenance 

Several formulae are suggested by ASAE D 230.2 for 

calculating total accumulated repairs. They are: 

TAR = 0.127(x)1.4 for forage choppers and blowers ••• 3 

TAR = 0.159(x)1.4 for self-unloading wagons . .. 4 

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: 

where 

x = 100 (l~Y ) 
l~fe 

y = yearly use in hou~s 

• • • 5 

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

and Y is found from: 

••• 6 

where 

At = total acres harvested per year 

Yd = yield in tons/acre 

C = capacity p of machine in tons per hour (see Table 1) 

23 
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Repairs costs are then: 

Rp = 
TAR%(Pl ) 

10 ••• 7 

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-hl' 

pel' US gallon. When converted to Imperial measure, this figure 

becomes approximately 14.5 hp-hl' pel' Imperial gallon. Fuel 

co st in Quebec is 22.0ç pel' Imperial gallon. Power costs are 
22.0ç/gallon 

then found from 14.5 hp-br/gallon = 1.52ç pel' hp-hl'. 

Annual power costs are then 1.52ç pel' hp-hl' + 8.5% of that fol' 

crankcase oil = 1.65ç pel' hp-hl'. 

so that 

••• 8 

where 

Pc = annual power cost in dollars 

PI' = 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 

1ife costs ofinterest, housing and insurance may be estimated 

as five percent of the list priee. Total fixed costs per hour 

for the wagon are then $0.87. Repairs and maintenance would 

be 100 percent of the list priee 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 whi1e 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 J~ïuary 1972 it was 

$1.51. Labor cost was then rounded to $1.50 an hour. 

1 

1 
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Rather than charging this cost to each activity within the 

harvesting system, the labor co st 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 harvef~ting 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 maohine 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 depend 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 network 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-Ioad 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 is not 

feasible sinee 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 aIl the machine systems 

used in the model developed in the next chapter. The activity 

networks themselves are shown in Figures l, 2, 3, 4, 5 and 6. 

Table 2 lists the requirements of men and machinery for each 

network. 
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etc. 

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 actiyity number. A11 
activity numbering must start from 101. The numbers do 
not have to be sequentia1, 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 fo11ows: 
C Chopping activity 
H Hau1ing activity 
U Un10ading activity 
R Returning activity 

The dummy activity (required,to maintain network logic) 
is a dashed arrow. 
The subscripts on the activity 1etter codes denote the 
sequence or load number. 

Figures 1 and 2. 'AG~ivity Networks 1 and 2. 

( Reference to Fig. 1 means Activity Network 1 whi1e reference 

to Fig. 2 means Activity Network 2. The two Figures were 

drawn as one since logica11y 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 
remains on 
blower. 

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

3 3 2 1 1 2 forage 
chopper. 

2 1 1 3 

5 3 3 1 1 2 

6 3 1 1 3 
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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 pro gram 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, aIl 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 patL ( 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 activity (chopping, hauling, unloading, returning or 

dummy activity) fell on the critical 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 

aIl 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. 



Intégcr, Real and 
Dimension Statements 

Read in all required data 

Check correctness of 
data for CPM networks 

No 

Calculate individual 
machine fixed costs 

(Call Subroutine FCOST) 

Write Error 
Message 

-----------., 
ï-----~t..----ï 
J Provision for altering 1 
lone of the input variablel 
1 for a sensitivity studYI 

,..------'-------~--------_L __ ~ .!~t_':!~~!. _ ....J 
Initial~ze Acreage 

•• ~~ite title and 
Acreage 

~-----

Initialize Yield 

Calculate wet ~onnage 

Calculate speeds for each 
forage harvester 

CONTINUE 1 
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Figure 7. Flow chart of computer Model of Silage-Corn Harvesting. 



CONTINUE l 38 

+ 
Write titlc, yield and 
forage harvester speeds 

- L 
Calculate Chopping 
Costs and durations 

(Call Subroutine CHOP) 

+ -, 

Calculate Hauling costs 
and durations 

(Call Subroutine HAUL) 

+ 
Calculate Unloading 
costs and durations 

(calI subr~utine UNLOAD) 

t 
Calculate return costs 

and durations 
(Call Subroutine RETUR) 

t 
Initialize Network Nurnber -, 

L 3 ,-
Initialize Machine 

Combinat ion 
1 4 t-

Collect intermediate data and 
combine it into input for 

CPM subprogram 
(call subroutine SET) 

t 
Continue 2 

Figure 7. ••• continued 



CONTINUE 2 

Calculate network 
duration and critical path 

(Call Subroutine CPM) 

Collect Machine System 
CriticaÙty Information 

Calculate: Job duration, dai1y fixed cost, 
10 load fixed cost, 10 load variable cost, 
dai1y variable costs, total daily costs, days 
to complete harvest, total harvest cost, cost 
per wet ton, cost per hour, capacity in tons 
per hours. 

No 

>-NO ______________ ~~~~ 

Write systems Report 

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) 

No 

No 

Figure 7. ••. continued 

40 
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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 model 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 ~ystem 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 hit~hing 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 sorne amount less than one-half a 

cent; the program reports it as zero, although in further 

calculations, it uses the actual cost, not zero. AlI 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 

Crefer to Table 4 which lists the labo~· 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. 

AlI 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 l 

and 2 have aIl their activities taking place sequentially, so 

that al1 the activities are on the critical path. A difficulty 

with the criticality report for machine systems M through P was 

encountered in the initial rune These machine systems use 

activity network 4, and after close examination it was discovered 
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0' H 2 IH550 6 JD4000 " I I " 5 NH26 7 " I 2 0 
l I IH350 7 IH724 " 1 2 " 4 NH23 7 " 2 3 '1 
J I IH350 7 IN724 " I 2 " 5 NH26 7 " 2 3 0 
K 2 IH550 6 JD4000 " I 2 " 4 NH23 1 Il 2 3 ~ 
L 2 IH550 6 JD4000 " I 2 " 5 NH26 7 " 2 3 tO 

1-' M I IH350 7 IH724 " 2 2 " 4 NH23 7 " 3 4 (1) 
a N I IH350 7 IH724 " 2 2 " 5 NH26 7 " 3 4 (1) 

0 2 IH550 6 JD4000 " 2 2 " 4 NH23 7 " 3 4 ::s 
rt p 2 IH550 6 JD4000 " 2 2 " 5 NH26 7 Il 3 4 0 Q I IH350 7 IH724 " I 3 Il 4 NH23 7 Il 2 5 Hl 

R I IH350 7 IH724 Il I 3 " 5 NH26 7 " 2 5 tr:I S 2 IH550 6 JD4000 " I 3 " 4 NH23 7 " 2 5 PI 
0 T 2 IH550 6 JD4000 " I 3 II 5 NH26 7 II 2 5 ~ 

U I IH350 7 IH724 " 2 3 II 4 NH23 7 " 3 6 3: V I IH350 7 IH724 II 2 3 Il 5 NH26 7 " 3 6 PI 
0 W 2 IH550 6 JD4000 " 2 3 " 4 NH23 7 " 3 6 ~ 

X 2 IH550 6 JD4000 Il 2 3 " 5 NH26 7 " 3 6 .... 
~ (1) 

CI) 
'<: 
(/) * Tractor used on forage chopper is also used for hauling the wagon. rt 

m ç 
(TI 

,J 
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that this network, using sorne 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 resul ts which r~ere used to illus­

trate the significance of the criticality report. AlI the 

computer output for each of the runs including the sensitivity 

studies are on file in the Agricultural Engineering Department, 

McGi11 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 which is a plot in 

graphical form of the cost per ton harvested versus the total 

tonnage harvested for each combinat ion 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 model 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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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 ~ere used to illus­

trate the significance of the criticality report. AlI the 

computer output for each of the runs including the sensitivity 

studies are on file in the. Agricultural Engineering Department, 

McGi11 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 which is a plot in 

graphical form of the cost per ton harvested versus the total 

tonnage harvested for each combinat ion 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 model 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 (14). 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 = ~ost 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, 
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Table 5. Machine System Capacity: 

System 

Resu1ts from Initial Run of Harvest Mode1 Computer 
Pro gram 

Letter Code Capacity in Tons Eer Hour 

A 5.73 

B 6.47 

C 7.08 

D 8.24 

E 6.07 

F 6.91 

G 7.61 

H 8.98 

l 9.55 

J 11.81 

K 9.87 

L 12.30 . 

M 11.36 

N 12.66 

0 14.22 

P 17.14 

Q 9.55 

R 11.81 

S 9.87 

T 12.30 

U 13.39 

V 13.76 

W 16.04 

X 22.22 



Table 6. Input Data for Initial Run of Harvest Model Computer Program* 

DESCRIPTION 

Acreage 
Yield in Tons (wet) 

pel' acre 

Machine Index 
Number 

FORTRAN 
Name 
A(I) 
Y(I) 

M TYPE (I) 

DATA 

20., 35., 50., 80., 110., 140., 
20., 24., 28. 

1 2 3 4 5 6 
IH350 IH550 NH23 NH26 JD4000 

7 8 
IH724 IH434 

Machine List 
Price in $ M COST (I) 3100., 4450., 2609., 702., 902., 9000., 5894., 3466., 

Machine Capacity 
in tons (wet)/ 
hl' 

Machine Power 
Requirement 
in hp 

Machine life in 
hours 

Machine F. M • I. 

CP(I) 

P(I) 

LIFE(I) 

FMI(I) 

20., 40., 20., 35., 

40. , 65. , 25.,44., 

2000., 2000., 2000., 2000., 

0.85 0.92 

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

en 
o 

~ 



Table 6. ••• continued 

DESCRIPTION 

Corn Row Width in feet 

Wagon Cost in $/hour 

Labor rate in $/hour/man 

Average Distance from field to silo in miles 

Hau1ing Speed in mph 

Returning Empty Wagons in mph 

Power required to Un10ad Wagon in hp 

Average Wagon Load Weight in Tons 

Empty Wagon Weight in Tons 

Fuel Costs in $/hp-hr 

Coefficient of ro11ing resistance on field 

Coefficient of rol1ing resistance on path 

FORTRAN - Narne 

RWDTH 

WFCOST 

MRATE 

DIST 

MPH 

MPHR 

PWU 

WT 

WG 

PC 

FCT 

FCH 

DATA 

3.0 

1.66 

1.50 

0.25 

3.0 

4.0 

5.0 

5.0 

1.5 

0.0152 

0.3 

0.05 

en 
1-' 
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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 decrease 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, su ch 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 ofequal 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, 0 and P, had several critical paths with the input data 

-:=L. 
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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 aIl 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 aIl 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 ~ile and one mile. Thesevalues 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 from one tenth to one 

mile. Tt 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 Hau1ing Distance. 

Activity 

CHOP 
lst Network:* 
small harvester 
large harvester 

Other Networks: 
sma11 harvester 
large harvester 

HAUL 

UNLOAD 
sma11 b10wer 
large b10wer 

RETURN 

0.10 miles 

22.6 min. 
13.1 min. 

19.6 min. 
10.1 min. 

4.0 min. 

17.0 min. 
10.5 min. 

3.5 min. 

Duration 

Hau1ing Distance 

0.25 miles 

22.6 min. 
13.1 min. 

19.6 min. 
10.1 min. 

7.0 min. 

17.0 min. 
10.5 min. 

5.8 min. 

1.0 miles 

22.6 min. 
13.1 min. 

19.6 min. 
10.1 min. 

22.6 min. 

17.0 min. 
10.5 min. 

17.0 min. 

* Reca11 that the first network requires extra time for 
unhitching. (see page ~1) 
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Table B. Critica1ity Reports: Sensitivity to Hau1ing Distance. 

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

::E:~ ~ Z ~ Z ~ 
~~ <C ~ >t ~ ~ >t <C 
E-!E-!~ Il.. ~ 0 ::> ::E: Il.. ~ ::> ~ Il.. .....:1 0 
Cl)E-!~ 0 

~ 
~ E-! ::E: 0 ::> ~ E-! 0 ::> .....:1 

>t~o :::r: z ~ ::> :::r: ~ z ~ ::> :::r: ~ z 
CI)~U u ::> ~ ~ u ::> ~ ~ u ::> 
A 10 10 10 9 0 10 10 10 9 0 10 10 10 
B 
C Critica1ity reports for machine 
D systems A ~o H are identica1. 
E 
F 
G 
H 10 10 10 9 0 10 10 10 9 0 10 10 10 
l 1 10 10 9 0 1 10 10 9 0 1 10 10 
J 10 1 1 0 0 1 10 10 9 0 1 10 10 
K 1 10 10 9 0 1 10 10 9 0 1 10 10 
L 1 10 10 9 0 1 10 10 9 0 1 10 10 
M 6 6 6 5 0 6 6 6 5 0 6 6 6 
N B 1 1 a 7 8 7 7 6 4 6 6 6 
0 5 5 6 5 1 5 5 6 5 1 6 6 7 
P 5 5 6 5 1 5 5 6 5 1 5 5 6 
Q 1 la 10 9 a 1 la la 9 a 1 la la 
R la 1 1 a 1 1 la la 9 a 1 la la 
S 1 la 10 9 a l lO 10 9 0 1 la lO 
T 1 la 10 9 0 l 10 lO 9 U l lO 10 
U 10 1 l 0 a la 1 1 0 0 6 9 9 
v 10 l 1 a 0 la 1 1 0 0 6 9 9 
W 1 l 10 O· 9 1 1 la 0 9 1 9 10 
X 1 1 lO 0 9 1 0 lO B 5 1 9 10 

The numbers indicate the numbeI" of times that particular 
activity was on the critical path. 

Z 
~ >t 
::> ::E: 
E-! ::E: 
~ ::> 
~ ~ 

9 0 

9 0 
9 0 
9 0 
9 0 
9 0 
5 0 
5 a 
6 1 
5 1 
9 a 
9 a 
9 0 
9 0 
8 a 
8 0 
8 5 
8 5 

l 



sequential. Also, as explained previously, systems M to P 

using network 4 have several critical paths so the report is 

to 80me extent meaningless for them. 
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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, depenqing on the machine system used. For 

systems A and E, the slope is about 8ç per 1/4 mile increase in 

hauling distance; for systems C and D, it is about 10ç per 1/4 

mile. The greatest change was with system T at about l4ç per 

1/4 mile. In aIl 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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is necessarily linear 
between points. 

0'5 1·0 . 

Figure 10. Cost per ton: Sensitivity to Hauling Distance. Machine Systems 
Identified by Letter Code. 
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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 co st 

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 harvest cost per ton and hauling 

distance. The machine system co st 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. Sertsitlvity 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 sorne 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 aIl have the 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 Rare 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 

aIl activities are critical and the system may be said to be 

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



Table 9. Activity Durations: Sensitivity to Load Weight 

Activity 

3 Tons 

CHOP 
lst Network:* 
sma11 chopper 15.6 
large chopper 9.9 

Other Networks: 
. sma11 chopper 12.6 
large chopper 6.9 

HAUL 7.0 

UNLOAD 
sma11 b10wer 11.0 
large b10wer 7.2 

RETURN 5.8 

Duration in Minutes 

Load Weight 

5 Tons 

22.6 
13.1 

19.6 
10.1 

7.0 

17.0 
10.5 

5.8 

7 Tons 

29.6 
16.4 

26.7 
13.4 

7.0 

23.0 
14.0 

5.8 

* Reca11 that the first network requires extra time for 
unhitching. (see page 41). 

J 
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Table 10. Criticality Reports: Sensitivity to Load Weight. 

3 Ton Load 5 Ton Load 7 Ton Load 

::E:A:: t:l Z t:l Z t:l Z 
j:4j:4 <t: A:: ~ <t: A:: >t <t: A:: >t 
E-4E-4j:4 A. ...:1 0 ::> A. ...:1 0 ::> ::E: A.t ...:1 0 ::> l1 ClJE-tt:l 0 

~ 
...:1 E-4 ::E: 0 ::> ...:1 E-t ::E: 0 ::> ...:1 E-4 

>tj:40 ::z:: Z j:4 ::> ::z:: ~ z ~ ::> ::z:: ~ z j:4 ::> 
CIJ...:IU U ::> A:: t:l U ::> A:: t:l U ::> A:: t:l 

A 10 10 10 9 0 10 10 10 9 0 10 10 10 9 0 
B 
C 
D Critica1ity reports for machine 
E systems A to H are identical. 
F 
G 
H 10 10 10 9 0 10 10 10 9 0 10 10 10 9 0 
l 1 10 10 9 0 1 10 10 9 0 l 10 10 9 0 
J 1 10 10 9 0 1 10 10 9 0 10 10 10 9 0 
K 1 10 10 9 0 l 10 10 9 0 1 10 10 9 0 
L 1 10 10 9 0 1 10 10 9 0 l 10 10 9 0 
M· 6 6 6 5 0 6 6 6 5 0 6 6 6 5 0 
N 10 9 9 8 4 8 7 7 6 4 8 7 7 6 7 .. 
0 5 5 6 5 1 5 5 6 .5 1 5 5 6 5 l 
P 6 6 6 5 1 5 5 6 5 1 5 5 6 5 l 
Q 1 10 10 9 0 1 10 10 9 0 1 10 10 9 0 
R 1 10 10 9 0 1 10 10 9 0 10 10 10 9 9 
S 1 10 10 9 0 l 10 10 9 0 l 10 10 9 0 
T l 10 10 9 0 l 10 10 9 0 l 10 10 9 0 
U 10 1 1 0 0 10 1 1 0 0 10 1 l 0 0 
V 10 1 1 0 0 10 1 1 0 0 10 1 l 0 0 
W 1 9 10 8 5 1 l 10 0 9 1 1 10 0 9 
X 6 10 10 8 5 l 9 10 9 5 1 1 10 0 9 

The numbers indicate the number of times that particular 
activity was on the critica1 path. 
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increasing load size for aIl 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 Il). 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 pro gram 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 aIl. 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 l"eliability, 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 forage choppers used in this study, t'wo sets 

of revised field machine indices had to be used. They are 

listed in Table Il. 

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 pel' hour or about 26 

percent for the small chopper, and about eight tons pel' 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, 0 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 

pel' ton versus chopper revised FMI is negative (see Figure 12). 

The slope, however, is quite small. For machine systems A, B, 



67 

Table Il. Revised Field Machine Indices used in Sensitivity 
Study of Field Efficiency. 

Chopper 1 

Chopper 2 

Low 
Efficiency 

0.70 

0.77 

Medium 
Efficiency 

0.85 

0.90 

High 
Efficiency 

0.92 

0.97 

Table 12. Chopping Activity Durations and Chopper Capacities 
for the Sensitivity Study of Field Efficiency. . 

Activity Duration in Minutes 

lst Network: 
Chopper 1 
Chopper 2 

Other Networks: 
Chopper 1 
Chopper 2 

Chopper 1 

Chopper 2 

Low 
Efficiency 

26.4 min. 
14.8 min. 

23.3 min. 
Il.8 min. 

Low 
. Eff.iciency . 

14.0 Tons/r.-r 

30.8 Tons/br. 

Medium 
Efficiency 

22.6 min. 
13.1 min. 

19.6 min. 
1.0.1 min. 

CaEacit~ 

Medium 
Efficiency 

17.0 Tons/hr. 

36.0 Tons/hr. 

High 
Efficiency 

21.5 min. 
12.7 min. 

18.6 min. 
9.70 min. 

High 
Efficiency 

18.4 Tons/hr. 

38.8 Tons/hr. 

· ... '] 
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Table 13. Critica1ity Reports: Sensitivity to Forage Chopper 
Field Efficiency. 

::E:~ 
J:i,:IJ:i,:I 
E-fE-f~ 
CIlE-fA 
:>IJ:i,:lO 
CIl~() 

A 
B 
C 
D 
E 
F 
G 
H 
l 
J 
K 
L 
M 
N 
0 
p 
Q 
R 
S 
T 
U 
V 
W 
X 

Low 
Chopper Efficiency 

A :;:::; 
;§ ~ :>1 

Il.. ~ :::> ~ 0 ::> ~ E-f 
::t: :â :;:::; J:i,:I :::> 
() ::> ~ A 

10 10 10 9 0 

Critica1ity 

Medium 
Chopper Efficiency 

A :;:::; 
;§ ~ :>1 

Il.. ~ :::> ~ 
0 :::> ~ E-f S ::t: :â :;:::; J:i,:I 
() :::> ~ A 

10 10 10 9 0 

reports for machine 
systems A to H are identica1 

10 10 10 9 0 10 10 10 9 0 
1 10 10 9 0 1 10 10 9 0 
1 10 10 9 0 1 10 10 9 0 
1 10 10 9 0 1 10 10 9 0 
1 10 10 9 0 1 10 10 9 0 
10 9 9 8 4 6 6 6 5 0 
8 7 7 6 4 8 7 7 6 4 
5 5 6 5 1 5 5 6 5 1 
6 6 6 5 0 5 5 6 5 1 
1 10 10 9 0 1 10 10 9 0 
1 10 10 9 0 1 10 10 9 0 
1 10 10 9 0 1 10 10 9 0 
1 -ID 10 9 0 1 10 10 9 0 
10 1 1 0 0 10 1 1 0 0 
10 1 1 0 0 10 1 1 0 0 
1 1 10 0 9 1 1 10 0 9 
10 9 9 8 0 1 9 10 8 5 

High 
Chopper Efficiency 

A :;:::; 
« ~ :>1 

Il.. ~ 0 :::> ~ 0 :::> ...:1 E-f 
::t: :â :;:::; ~ :::> 
() :::> ll::I A 

10 10 10 9 0 

10 10 10 9 0 
1 10 10 9 0 
1 10 10 9 0 
1 10 10 9 0 
1 10 10 9 0 
6 6 6 5 0 
8 7 7 6 4 
5 5 6 5 1 
5 5 6 5 1 
1 10 10 9 0 
1 10 10 9 0 
1 10 10 9 0 
1 10 10 9 0 
10 1 1 0 0 
10 1 1 0 0 
1 1 10 0 9 
1 9 10 8 5 

The numbers ?indicate the number of times a particu1ar activity 
is on the critica1 path. 
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E and F, it is approximately three cents peI' la percent change 

in revised FMI. 

But for systems C and D, it is about 1.5ç peI' la 

percent change in revised FMI. This is because the percentage 

of total harvest time attributable to the smaller chopper 

(Chopper 1) ismuch 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 1.5ç peI' la percent 

change in reyised FMI. This is because the chopping activity 

is not critical; it contributes little to the actual duration 

of harvesting. Systems M, N, 0 and Pare less amenable to this 

kind of explanation because, as stated previously, they have 

several critical paths. Systems Q, R, Sand Tare similar to 

systems l, J, K and L in that the chopping activity is again 

not critical, consequently the slope is low; about lç per la 

percent change in revised FMI. Systems U, V, Wand X present 

a different pattern. With systems U and V, the forage chopper 

is very critical, consequently the slope is high; about 5ç per 

10 percent change in revised FMI. For systems W and X however, 

the chopping activity is not critical (except at the lowest 

revised FMI for system X) and the slope is about lç peI' la 

percent change in revised FMI. 
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VIII ANALYSIS OF WEATHER EFFECTS 

Si1age corn harvesting operations may be affected by 

poor weather conditions in severa1 ways. A heavy rain may 

increase the moisture content of the si1age to the point where 

its future feed qua1ity is impaired. Poor weather conditions 

may a1so cause sufficient operator discomfort as to force him 

to suspend field operations, a1though a tract or cab might 

attenuate this effect.A heavy rain may a1so wet the soi1 

between the rows of corn to the extent that the field har­

vesting unit ceases to be mobile. It is conjectured that 

the mobi1ity prob1em may be particu1ar1y true of a crop that 

has had applications of a herbicide which wou1d 1eave the 

ground between the rows of corn almost devoid of vegetation. 

From field observations most of the soi1 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 1imiting factor when 

bad weather interrupted the harvest. For the ana1ysis 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. 

Rut1edge and MacHardy (52) suggested that the necessary 

tractive abi1ity for tillage operations was lost when soi1 
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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 fer 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 corresponding 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 specifie 

day from weather data is now required. 

Lake (25), who also worked in southwestern Quebec, 

used a "modified Thornthwaite" equation to determine potential 

evapotranspiration from the soil. His equation was as follows: 

where 

PEa = Ca(Ta - 32°) ••• 9 

PEa = potential evapotranspiration; inches per month 

C = a coefficient which varies with day length and 

latitude 

a = a coefficient dependent on geographic climatic 

region 

Ta = mean monthly temperature; degrees farenheit 



Lake used a = 0.10 and the following values for c: 

C Month 

1.28 
1.26 . 
1.18 
1.014-
0.91 
0.80 

June 
July 

August 
September 
October 

November 
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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 coyer, vapour pressure deficit 

and other factors. It should be noted that the method of 

determining soil moisture used by Rutledge ar.d MacHardy (52) 

did account for daily variations of cloud coyer and vapour 

pressure. The method that Morey (14-1) 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 reported 

correlations of 0.95 and 0.96 between observed and predicted 

soil moisture. 

Due to restrictions imposed by lack of complete 

weather data su ch 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 



74 

Rut1edge and MacHardy's criteria must be de1eted. In equation 

9, PEa becomes the potentia1 evapotranspiration in inches per 

day and Ta becomes the mean dai1y temperature. The soi1 

moisture is then found from the fo11owing soi1 moi sture budget 

as used by Lake: 

where 

SMC. = SMC. 1 - PE. + Rain. 
~ ~- ~ ~ 

. •• 10 

SMC = soi1 moisture content; inches of water per 

foot depth of soi1. 

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 rainfa11 and temperature data for 19 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) suggested the following alterations to 

the model. 

(1) Assume that, after a rain 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) Soi1 moisture content should not be permitted to fall below 

the wilting point. 



,~ 

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). 
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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. 

where 

N 
P = NW 

NW NTotal 
••• 11 

PNW = the probability of the occurrence of a non­

work day in the period under consideration 

NNW = the number of non-work days occurring in this 

period 

N = the total number of days in this period Total 

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 was referred to as a 

"conditional" probability to indicate persistence of non-work 

days. This probability was calculated for the Quebec locations 

from the following formula. 

P c NW 
= 

N c NW 
N 

CTotal 
••• 12 
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where 

P = the probability of the occurrence of a non-c NW 
work day if the preceding day was a non-work 

day, in the period under consideration. 

N = the number of non-work days where the c NW 
preceding day was a non-work day, in this 

period 

N = the number of days where the preceding day 
CTotal 

was a non-work day, in this period. 

The results of these calculations are presented in Tables 14, 

15 and 16, and as weIl, 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 lst, for aIl three locations. A similar significant 

increase in non-work day probabilities was observed by 

Rutledge and MacHardy. As is shown in Tables 14, 15 and 16, 

the conditional probabilities are aIl 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 Septemher 22nd. But the same 

harvest in L'Assomption would require six extra days. 

Similar relationships could he found for the other 

four week periods. The prohahility results, however, indicate 

that the probable extra time required would he greater later in 

the season. At some point it would he found that the harvest 

prohably could not he completed that year. 

The problem of how the model for the effect of weather 

on corn silage harvesting can he incorporated into a general 

sub-optimization model is discussed in the next chapter. 
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Table 14. Non-Work Day Probabi1ities for L'Assomption, Quebec 

Week 

1 
2 
3 
4 

5 
6 
7 
B 

9 
10 
11 
12 

13 
14 
15 
16 

17 
18 
19 
20 

21 
22 

Station 7014160 - L'Assomption - 1947-1965 

Ju1y 1 - Ju1y 28, 0.083 (0.717) month1y average 

0.12 
0.17 
0.07 
O.OlJ' 

0.05 
0.01 
0.02 
0.12 

0.15 
0.21 
0.19 
0.36 

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

July 29 - August 25, 0.051 (0.80) 

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

" 

August 26 - September 22, 0.228 (0.94) " 

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

" 

" 

September 23 - October 20, 0.424 (0.92) " " 
0.41 
0,40 
0.51 
0.36 

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

October 21 - November 17, 0.61 ça. 99) 

0.44 
0.49 
0.71 
0.79 

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

0.87 (0.99) 
0.93 (1.00) 5 days 

" " 

Note: Bracketed figures indicate probabilities when previous 
day was a non-work day. 

..... ~ 
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Table 15. Non-Work Day Probabi1ities for Lennoxvi11e, Quebec. 
Note from Table 1q. app1ies. 

Station 702q280 - Lennoxvi11e - 19q7-1965 

Week Ju1y 1 - Ju1y 28, O.lq (0.78) 

1 O.lq (0.72) 
2 0.21 (0.83) 
3 0.10 (0.67) 
q 0.11 (0.86) 

Ju1y 29 - August 25, O.lq (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) 
Il 0.12 (1.00) 
12 0.25 (1.00) 

September 23 - October 20, 0.q7 (0.95) 

13 0.38 (0.9q) 
lq 0.q7 (0.93) 
15 0.56 (0.99) 
16 0.q6 (0.9q) 

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 Probabi1ities for St. Hyacinthe, Quebec. 
Note from Table 14. applied. 

Station 7027360 - St. Hyacinthe - 1947-1965 

Week July 1 - July 28, 0.09 (0.74) 

1 0.14 (0.85) 
2 0.11 (0.63) 
3 0.10 (0.92) 
4 0.00 (0.00) 

July 29 - August 25, 0.11 (0.87) 

5 0.03 (1.00) 
6 0.14 (0.89) 
7 0.13 (0.84) 
8 0.16 (0.88) 

August 26 - September 22, 0.21 (0.87) 

9 0.20 (0.82) 
10 0.17 (0.79) 
11 0.21 (0.92) 
12 0.26 (0.91) 

September 23 - October 20, 0.30 (0.88) 

13 0.21 : (0.87) 
14 0.27 (0.85) 
15 0.37 (0.96) 
16 0.35 (0.87) 

October 21 - November 17, 0.65 (0.99) 

17 0.51 (1.00) 
18 0.57 (0.99) 
19 0.70 (0.99) 
20 0.83 (1.00) 

21 0.90 (0.99) 
22 0.91 (0.99) S. 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, 46, 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), network 

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". 

The optimizing method of traditional artalytical 

ecc:"'1omics 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. 



n ••• it is also true that some basic factors 
are ignored. The most important of these is 
the factor of systems effects. AlI 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 ••• fI 
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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 fa Il plowing 

can't be done until the corn has been harvested anyhow. 

The basis 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 th en 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. 

J 
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There are some unique difficu1ties in deriving a 

monetary returns function for si1age corn harvesting. One of 

them is that of putting a dollar value on the si1age. 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 si1age in Quebec. The reason is readi1y 

apparent when the physica1 and biochemica1 characteristics of 

corn si1age are considered. Its high water content (essentia1 

for the si1age making process) and rapid spoi1ing due to pro­

longed exposure to air make it uneconomica1 to transport it to 

markets at any distance (38). A1so, since the si1age is not 

norma11y the sole feed for the dairy herd (35), it wcu1d be 

difficu1t to express its value in terms of dollars returned 

from the sale of mi1k. It is more convenient, then, to use 

some basis other than monetary value. 

If it is va1ued in terms of its feed value, then the 

returns function in Figure 15 retains the same shape except 

that it is a function of tons of feed value versus machine 

capacity. The prob1em 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 si1age (35). The American 

Forage and Grass1and Counci1 rates corn si1age by three 

measures; percent TDN (Total Digestible Nutrients), therms CNE 

(Ca1cu1ated Net Energy), and percent crude protein «35) page 

40). At 1east one machinery optimization study (17) used 

-•. _J 
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TOTAL RETURNS FUNCTION 

COST FUNCTION 

MACHINE CAPACJT.Y 

Profit = Total Return - Machine Co st 

Figure 15. Economic Relationship of Costs 
and Returns 

••• 13 



..... - ..........•..................•........ ~ 

87 

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 variation of crop value 

(ENE) and yield for silage corn with daily passage of the 

growing season ~as 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 der ive 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 probable parabolic shape of the crop value 

versus time function, the average crop value harvested by a 

system with a low capacity will he 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, 

using an iterative process, a returns function which accounted 

for both cr op 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 then 

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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Figure 16. Flow Chart of Returns Function A1gorithm. 
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LI ___ Ra_t_e __ = __ R_a_t_e __ + __ l~~---------------------------------'.-~ 

FiguI'e 16. ••• continued. 



Figure 16. 

Print out for this Acreage for 
each Harvest ratel 
the reduced harvest rate 
thenumber of days for harvesting 
the number of wet tons harv~sted 
the therms ENE harvested 
the week harvest started 

CONTINUE ••• 
for any acreage, any weather 
pattern or any corn variety 

••• continued. 
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Data for a cost function was developed 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 capaci.ty or harvest 

rate for the machine systems considered in this study. The 

other difficulty is that the co st 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 

shape 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 tonnage 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 sjmulated day-by-day for each 

machine system using the appropriate week for starting and the 

appropriate reduced system capacity Cfound from the proposed 

returns function algorithm). The output 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 



then be found by ca1cu1ating, for each machine system, the 

cost per unit of ENE. 
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The primary reason for not carrying out the optimization 

procedure was the previous1y mentioned 1ack of adequate data to 

derive a yie1d 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 genera1 

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 

1eve1 wou1d be system X. Since,this was the highest capacity 

system investigated, it wou1d have been the optimum system for 

a1l 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 

more profitable). Perhaps a third chopper size chopping three 

rows of corn is needed for these 1arger size operations. 

Be10w about 35 acres, it is impossible to say with any degree 

of accuracy which system wou1d 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 and from 

subjective observation, that forage choppers on the Quebec 

market came in only two different sizes. Similar1y, forage 

b10wers came in two sizes on1y. Severa1 sizes of forage wagons 

of the se1f-un1oading type were on the market, but on1y the 

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

2. If a field efficiency is to be ca1culated for field 

machinery, it shou1d not inc1ude time spent waiting for other 

machinery. Field efficiencies thus ca1culated wou1d be of 

greater use to systems studies invo1ving field machinery. 

3. The activity network was found to be very usefu1 in 

representing and studying the performance of si1age-corn 

harvesting systems. It is particu1arly useful when the same 

network can be used to represent severa1 different systems of 

machinery. 

~. The harvest system computer programwas very useful 

in ca1cu1ating the costs and performance of the 2~ machine 

systems studied. It was easy to use, a1though 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 cost 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 least 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 co st 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 14~ 

per ton co st increase with each increase of 1/4 mile in hauling 

distance. Wide variations of this sensitivity were found be­

tween machine systems, and the critic.ality 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, wa~ 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 aIl 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 1.5ç per ton 

increase with a decrease in forage chopper field efficiency 

of 10 percent. Only two systems had a relatively high 

sensitivity (about 5ç per ton), but this was explained by 

the criticality report. 

Il. The sensitivity studies pointed out the 

importance of knowing which machine or operation during 

harvesting was the most critical. Any factor which directly 

affects the performance of that machine or operation will 

affect the total harvest cost to a greater degreethan 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 



99 

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 llth 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 during 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 revea1ed the .. severe 

1ack of data on yie1d and feed value versus time functions 

100 

for si1age corn in Quebec. Considerable research effort n'eeds 

to be devoted to obtaining information of this kind in a form 

suitab1e to incorporation into a machine system optimization 

study. 

2. A large sca1e work study of up to 100 farms in 

Quebec wou1d be usefu1 in providing data to va1idat.e the 

résu1ts found in this thesis. At the same time, other kinds 

of forage"harvesting cou1d be studied. 

3. A more accurate mode1 of the effect of weather on 

soi1 moisture and thus on harvest duration is needed. Particu-

1ar account shou1d be taken of the effects of different soi1 

types and the effect of underdrains on field trafficabi1ity. 

4. A sma11 sca1e study cou1d be done on the activity 

of un10ading a wagon during si1age corn harvesting. The un­

loading activity is unique in comparison with the other 

activities. It invo1ves the simu1taneous use of two different 

machines working together. It was not complete1y evident 
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du~ing the work study which of the machines, the self-unloading 

wagon or the forage blower, was responsible fo~ the observed 

capacity of the unloading activity. The harvest model that 

was developed assumed that the fo~age blower was the critical 

machine. 
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APPENDIX A. Work Study Data 

Sequence* 
Start Time 

Forage Chopper Rates 
Wet Tons Dry Tons Revised** 
Per Hour Per Hour FMI 

Wet Weight 
Harvested 

Tons 

Forage B10wer Rates 
Wet Tons Dry Tons 
Per HourPer Hour 

FARM NUMBER 1 DIRECT-CUT GRASS SILAGE 
0.43 miles hau1ing distance, 2.5 tons (wet)per acre average yie1d 

1:03 PM 8.60 2.58 Not 3.01 12.04 3.61 
2:20 PM 7.43 2.20 ca1cu- 2.97 10.61 3.14 

----_.~-- -------_ .... - ~----- --- ----- ----_. ---

1ated 

FARM NUMBER 4 SILAGE CORN 
0.095 miles hau1ing distance, 22.6 tons (wet) per acre average yie1d 

Missed 
11:40 AM 

1:00 PM 
1:30 PM 
2:15 PM 
2:35 PM 
2:50 PM 
3:00 PM 
3:25 PM 
4:10 PM 

Averages 

Sing1e-row Chopper A 
12.4 Missed Missed 
15.5 Missed 0.74 
18.8 4.22 0.72 
20.1 4.61 0.78 
15.1 3.75 0.94 
19.1 4.05 0.85 
16.2 3.85 0.87 

Missed Missed Missed 
14.5 3.71 Missed 
20.0 4.88 0.89 
16.9 4.15 0.83 

4.16 
5.00 
5.83 
5.23 
4.14 
5.33 
4.63 
5.72 
4.28 
6.08 
5.04 

Forage 
15.29 

Missed 
21.05 
24.10 
22.26 
27.33 
22.58 
27.50 
24.74 

Missed 
23.11 

B10wer A 
Missed 
Missed 

4.74 
5.54 
5.52 
5.79 
5.27 
6.35 
6.33 

Missed 
5.65 

* Sequence Start Time is the time of day at which chopping of that particu1ar 
load was started. 

** See page 19 for definition of 'Revised FMI'. 
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APPENDIX A. ••• continued 

FARM NUMBER 5 SILAGE CORN 
0.187 miles hau1ing distance, 19.8 tons (wet) per acre average yie1d 

Sing1e-row Chopper B Forage B10wer B 
----- 2~.0 5.60 0.85 ~.81 2~.05* 5.603* 
----- 21.0 5.00 0.92 6.79 37.72 8.978 
----- 21. 5 5.62 0.8~ 6.78 ~2.37 11.06 
----- 21.2 ~.39 0.90 5.39 35.93 7.~~ 
----- Missed Missed Missed 5.38 ~1.38 8.36 
----- 22.2 ~.~8 0.88 7·~1~ 39.67 8.01 
----- 23.6 ~.77 Missed 7.15 37.63 7.60 
Averages 22.25 ~.98 0.88 6.21 39.12 8.57 

*Tractor powering b10wer too sma11, 1arger one used for the rest of the loads. 

FARM NUMBER 6 SILAGE CORN 
15.77 tons (wet) per acre average yie1d 

Two-row Chopper C 1 
Forage Blo~er C 

2:25 PM 25.8 7.0~ 0.93 3.79 22.69 6.19 
3:~5 PM 25.9 7.71 0.86 ~.O9 2~.~9 7.30 
3:50 PM 2~.2 7.11 0.95 3.82 32.65 9.60 

----- 25.6 7.05 0.98 ~.19 20.95 ·5.78 
----- 25.6 6.~7 0.9~ ~.03 30.30 7.6~ 
----- 25.~ 7.10 0.95 ~.02 Missed Missed 
Averages 25.~ 7.08 0.93 3.99 26.22 7.30 

f-J 
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APPENDIX A. ••• continued 

F ARM NUMBER 7 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 4.96 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 
2:4'+ PM 31.4 8.34 0.73 3.43 68.6 18.17 
1:15 PM 27.3 6.46 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 64.4 14.94 
1:54 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 69.40 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 4.05 60.45 13.6 

Averages 27.24 6.57 0.91 3.33 61.82 15.02 
1-' 
1-' 
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III 

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 

re1ease 19 FORTRAN G 1eve1. 

Input Variables 
(Listed in order of appearance in the program) 

FORTRAN 
Name 

RWDTH 
WFCOST 
MRATE 
DIST 
MPH 
MPHR 
PWU 
WT 
WG 
PC 

FCT 
FCH 
MC 
A 
Y 
MTYPE 
MCOST 
NA 
CP 
CA 

Description 

Row width of silage corn when planted - in feet 
Se1f-un1oading wagon fixed cost - in dollars per hour 
Labor cost - in dollars per hour per man 
Distance from field to silo - in miles 
Hau1ing rate for full wagons - in mph 
Hau1ing rate for empty wagons - in mph 
Power required to un10ad wagon - in hp 
Load weight of si1age in wagon - in tons 
Weight of empty wagon - in tons 
Power cost (for fuel, oil, grease) - in dollars 

per hp-hr 
Coefficient of ro11ing resistance on loam 
Coefficient of ro11ing resistance on pathway 
Moisture content (wet basis) of si1age corn - in % 
Crop acreage - in acres 
Crop yie1d - in wet tons per acre 
Index identifying a particu1ar 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 priee of machine - in dollars 



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

Power requirement of machine - in hp 
Wear-out 1ife 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 

112 

Number of hau1ing vehic1es 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, sequentia11y 
Activity numbers 1eaving node, sequentia1 
Activity numbers entering node, sequentia1 
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fORTRAN IV G LEV~L lq MAIN OATE = 7t 17/. 11/49-"'4 

IHilll. 

8992 

"""3 "''''4 ""95 
"''''6 fl997 
""AR 
"""9 9919 

""11 
'''H2 
11913 
""14 
""115 
'''Il!> 

""17 991 fi 

9919 
1"'29 
9821 
"''''22 
13"23 
''''24 
"P25 
"926 
""27 
""2~ 
""29 
893" 
"9)1 
BB3:? 
9933 
1"'34 
9935 
993f, 
"9:37 
99113 
""39 
0949 
9941 
""42 

""43 
9"44 
IHl45 
111141; 
"947 
""4'1 

JNTFGER C~nPER.QlOW~P.TOTL.n.C.EQQOR.TYPEA.ACTTV.PN.~N.~NAC.P~AC,C 
XCHODR .. CI-fAIII.P. C"ILOAP.. CPI::TRR. CDU~MR. TOTAL. TTL', ACTTV/I .• PNA. C;NA. PNACA. C; 
XNACA,F,E.CCHOP.CHAUL.rNlOAn.CRr::TRN.CDU~~Y.TVCOT.SYC;TEM.CHOPR.RlOWR 
X.TYDf.G 

REAl MrOST.I.JFE.MPH.MPHR,MPATE.LT.MEN.LrOC;T.lTJMEP.lTIME 
nTMENc;lON ~TYPE(Rl.McnST(R).FXCnC;T(R),CP(4).LTF~(4).CA(4).P(4) 
nTMENc;JON N/I(4).FMI(4),CHOP~R(4).CHOPTlI4).CHnPT2(4).CHnDC(4) 
OI ... r:Nc;IO~ HAIJLT(4).HAIILCl(4).HAIII.r:2(4),HAUlC3(4),Uf\JLOAT(4) 
DJMr:Nc;JI')N IjMl,IlAC(4) .RLO~IER(4) .RFTPNT(4),Rr::TRf\Jl (4) .PETPN?(4) 
OlMFNc;ION RFTRN1(4).TYPEA(I,,~.~).n(1~,,).C(1~A).ACTIV(lAq).PN(IAI1) 
nIMEN~TON ~~(l~").NOnE(lA").SNAC(lA,,.],,).PNAC(l"".lA),TYDE(lAA) 
DTMFNSIOM A(6).YC~).TOTAl(6).lA5TC~).ACTTVAI1P~.~).Pf\JAIIAI1,~) 
OJ~FNc;TON C;NACIA~.~).NnDEA(lAP.~).PNACAf]"".1".~).~~ACA(!A".1".6) 
OJMFNc; 10'" CCHOP C?4) • C!-IAUl (?4) • CNLOI!('\ (?4) • CRE'TRN (?4) • CDIj'lMY (?4) 
OTMFNSTON nTJME(24).FTXCOS(?4).WA~ON(6).HAI~V(6)''''EN(6).LCOST(24) 
DIMr:NSTON SVSTEM(?4).NFTWRK(?4),C~OPR(?4),RLOW~(24).TVCn~T(24) 
nIMEN~ION LTrM~p(24).TCO~T(?4).CT(4).TTrOSTl24) 
ntMFNc;tON EFT(l~").E~T(l~,,).LFT(l~,,).FFT(l"").LFT(l,,,,).L~T(l"") 
OI~EN~TON TFLO~T(lBB).PFLOAT(l~A).FFlOAT(lA~1 
DIMFN~TON LF.TERI?A),CO~TTN(?4).r.OC;THR(?4).TONHR(?4) 
nATA lET~D"A·"R·"C"'D"'E"'F"'fi"'H"'J"'.I"'K"'l','M'.'N 

'l"'""'P"'~'.~Q"'~"'T'.,U"'V"'W"'X"'*'" 't' '.' '1 
REAn(~.4qA) PWDTH.WFCO~T,MR~TE,DTc;T.MPH.MPHR.PWU,WT,WG,PC,FCT.FCH 

49B FOP~AT(?X.qF~.?F6.4.?F~.2) , 
QEA~C~,'BB) CACI).r=l.~) 

5AA FOPMATC~X.6(2X.F4."» 
RF.AnC'.S~l) CVCt),l=l,,) 

SAI FO!NAT 12X.~ (2l(.n.A»· 
. REAnc~.~~?) CMTYPF.(I).I=I,S) 

~A2 FOPYATC2X.RC2X.Yl» 
RF.Anc~.S~3) (MCOSTCT),J=l,A) 

5113 FOQ~AT(2x.q(2X.F5.A» 
no HJA T=I.4 

lA" REAn(~.~A4) NA(I),CPCY).CACT),D(I).lIFE(I).CT(I).FMI(I) 
5"4 FOQ~AT(6X.ll.3X.F3.0.3X.F5.A.3X.F3.A,3X.F~.A.3X.F5.A.3X,F4.2) 

no lAI J=l.~ " 
RE:An(~.SAC;) TOTALCJ).t.A~TCJ).Wl\c;oN(J).H"'JlV(J).MEN(J) 

SAS FOq~AT(~X.Tl.3X.l3,3X,F2.A.?X,F2.A,2X.F~.A) 
TTL=TOTAL(J) 
00 C; L=l.TTL 

192 PfAn(~.c;~~) ACTTVACL.J).rNACL.J).~NA(L.J),TYPEACL.J) 
506 FORMAT(~X.t1.6X,t3.6X.I3.6X.Tl) 

TF(PN6(l.J).~~.c;NA(l.J» GO TO R~~ 
fiO TO 4 

~q~ WRTTE(~.~?l) PNACL.J),~NA(L.J).L.J 
AlI FOPMATf6X.'F.QPOR SA6 PNAIL.J)=',T3.' SNA(L,J)='.t3.' FOR l='.I) 

X. , ANn ,J='. T U 
r,O TO lAAA 

4 JF(l.FO.tl ~O Tn 6 
IF(L.r,T.l.A~IO.(ACTIVI\(L,J)-lBA).LF.CACTTVACL-l.J)-lAB» GO TO q22 

6 ~o TO 5 ' 
82? WPTTF.(~.q?1) ACTTVACL.J),J 
823 FOP~AT(6X.'fR~OP,R?2 ACTIVITV CARn~ OUT OF ORDF.R. ACTIVITY,',lJ.' 

X .J=' .14) ,. 

PAroI:: "'1'1'1 

1-' 
1-' 
CA) 

.. -t 
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FORTRAN tv G LEV EL 19 MAtN onE = 71174 11/49/24 

U49 
1'1858 
fl9C;1 

''''''2 U53 
""54 
""55 
'''Je;6 

:""-;7 
""511 .,A,9 
""..,,, 
""61 
"81,2 

. """3 . ""F.4 
l'lJ55 
9966 
""67 
"AM 
"IH,9 
·~~79 
""11 

'. :'''872 
""73 
9f174 
9075 
IH176 
8977 
l'In 8 
9f179 
UA" 
""Al 
""A2 
""A3 
l'I"A4 
9111'15 

"3A6 

""'17 
U88 

"IYR9 
"BQ" 
1'1"91 
""92 
""9) 
""Q4 
""9') 
"096 
1'''97 
AA9A 

GO TO lAIf" 
'5 CONTIIIlUE 

L C;AT=LASTC J) 
00 lS M=I.LC;lIT 

lA3 REAn(5.5~7) NODEA(M.J),(PNACA(~,N,J',N=I.1"',(SNAClI(M.~.J),~=1.11'1) 
SA7 FOq~ATe~x.'3.2x.ll'ltl.?X.l"T3) 

TF(~.F.Q.l) GO TO 15 
TFeNon'=ACM •• I).LF::.NonEACM-loJ)) GO TO R~!4 
r.o TO " 

~24 WPtTEc6.A~5) NonEACM,J),J 
A2e; FOOMATC(.,X.'FRROP A24 ~OOE CARDS OUT OF OROER, NonE',I3.' J='.Il) 

c;t) TO 1'-'1'11'1 
le; r.ONTIMlIE 

11'11 .CONTINUE 
CAll FCOC;TfMTYPF.MCOST,FXCOC;T) 
CT~=""COSTCA) 
no "'Hl G=I.2 
r,0 TO C""1.602),r, 

631 FMICl)=".7" 
FMtc2)=A~77 
r,o TO M4 

6A2 FMJfl)=A.99 
FMT(2)=A.97 

61114 C:OMTIr..JUE 
.WQ TTE C fl9 l ,,>A 1) 

15~1 FOQ'·'ATCtlt) 
nn '''$1 F=I.'" 
AT=A(~) 

. WQTTECI'..HJ4) AT 
194 ·FOq~ATC3,,~.'CORN SILAGE AT "F4.".' ACRFS/YEAR',/) 

no 1"9 E=1.1 
VO=YC!::) 
TTO~J=ATltYn 

~P01=erD(1)lt~.25)/CYn*RWOTH) 
spo~=crp(~,ltA.?5)/cYn*RWDTH*~.) 
WRtTECI'..tA5) Vn,$pl)l.5P 02 .' 

l"S FORMATC1ax.'AT A YI~ln OF '.F3.".' TON5CWET)/ACRE'.AX.'CHOPPER A A 
XT ,.F4:~,''''PH CHOPPJ::R R AT ',F4.~.'MPH',/) 

3P CAU. CHOPCCP.CT.AT.Yn.!.JFE,r.I\~P.WT.NA.FMI.CHOPER,C~OPTl.Ct-;oPT?.CHO 
xPC.Pc,c;pnl.5DO?.WG,FCT) 

31 CAll HAUl mT C;T .MPH ,McnC;T ,HAIIL T. HAIILe1. ~AlJLC?.HAULC3. !.JG. NT, rCH, PC) 
37 CAI.l I/NlOI\n CCP .CT, AT. YO. LI rI=' .C". P .PI~U. eTH, \~T. NI\ ,IJI\'LOAT .lJNlOllC, RL OW 

XFP,PC) 
33 
34 
35 

CAlL PFTURcnIST.MPHQ.PETRNT.QETRN1.PETQN2,RfTRN3,~COST.WG.FCH.PC) 
I=R 
CONTINUE' 
no 1'1 J=l.F. 
nr) 4" 1<'=1.4 

1 1="1 
'TOTt=TnTAL C J) 
LAS=LAC;TeJ) 
F:POflR=/l 
CALL "fT nOTL. n. C. K. J. r:HOPTl .CHOPT?. TYPF", CHODe. HIIIIL T. HAULC1. HAULe 

Xi'. Ht\UI.C l ,1I"'lOtl T .UNLOAC, Rf.TRNT. RFTRN3. RE'TQN2. Rnpf>ll ) 
----- .. _-~- ~ .. , .. ~ ...•. ",'. __ .. c,·' ._" .• , ___ ........... _ •. "_ " __ ....... "_.' __ ~ __ .. _-
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FORTRAN IV r. LEVEL 19 MAIN OATE = 71174 11/49/24 

9999 
01'11' 
flHn 
"1"2 
aun 
l'U4 
"U5 
911'6 
!lU7 
"UR 
l'U9 

"11" 
"Ill 
"112 
"113 

IH14 
9115 
11116 
"117 
1!1l8 
9119 
"12" 
9l~1 
"122 
"1?3 
11124 
"1?C; 
1'126 
"127 
9128 

1'129 
9139 

"131 
"132 

A133 
11134 

0135 
. 1J136 

1'137 
"13A 
A13q 
")49 
11141 
"142 
"143 
"144 
11145 

IF(~RROQ.GT.") GO TO J""" 
2 CONTI~UE 

no 41'" L=l. TOTL 
ACTTV(l)=ACTIVA(L.J) 
PN Il) =PNA (l •• " 
C;N (U =5NA (l. J) 4"" TYPF(l)=TyPfA(L,J) 
no 4"1 M=I.LAC; 
NOOF.(M'=Non~A(M.J) 
00 411? N=).lA 
C;NA~(M.N)=C;~ACA(M.N.J) 

4"2 PNAr.(~.N)=PNACAIM,N.J' 
4"1 CONTI~JI.lF.: 

3 CO~ITJNIJF.: 

CAll CPM(A~TTV.PN,C;N.NODE.5NAC.PNdC.D,LAC;,TOTL,LTTM~.ccHnPQ.CH4UlR 
X.CNL04R,CPF.TRQ9CDUMMR,TYPE,EF.T.LET,TFLO~T~P~LOAT,~FLOAT.E5T,E~T,LF 
XT.lc;T> . . 
TF(~RRnQ.r,T.") r.o TO l~"" 
CCHflP(!'=CCHOPR 
CHAIIU J) =CI-lAI ItR 
CNtnAn(T,=~MLO~Q 

CPETR~(T,=r.QF.:TRP 

COI,MMY 1 T) =cnl IMfAI? 
TVC"'T=" 

U 34 CO Mn MilE 
no ?~" L=t.TOTI. 

2"" TVCoT=TvcnT.C(1.) 
TVI.COT=TVCOT Il (~". 
OTr~E~T)=TTON/«(l".*WT)/(LTrM~/~~.»*~.) 
RATto=(nTT~~(T)*~.)/~"". 
GO TO (1~~.151.152,153', K 

1~" E~cnST=(FXC05T(I'·(FXCOST(7'*RdTrn)+FXCOST(4)+(FXCOST(A)*RATIO)'/( 
COTTME (J), 

GO TO 1<;7 
151 Excn5T=(FXCOST(I)+(FXCOST(7'*RATTO'+FXCOST(S'+(FXCOST(7)*RATIO»/( 

COn'''E (1) ) 
GO TO 157 

15~ F.xCnST=(FXC05T(?)+(FXCOST(6'*RATYO)+FXC05T(4)+(FXCOST(8)*RATIO»/( 
Conl.lE ft» 

GO TO ICi7 
153 ~~~nST=(FXCOST(~'+(FXr.OST(6)*RATIO'+FXCOST(5)"(FXC05T(7)*RATIO»/( 

cnu'-'E (,) ) 
1~7 r,o TO (15C;,1~4,154,1C;4.154.1Ci4). J 
lC;4 FJ~r.OC;(J)=(WFCOC;T*w.~n~(J)*A.)+C(FXCO~T(A'*RATro*~.tJLV(J»/(OTIM~( 

C')*A.,)+(~Q~TE*MEN(J,*q.)+ExCOC;T 
r,f) TO ICj6 

1SCi Fr~~OC;(I)=(~FCnc;T*w.GON(J)*q.)+~XCOST+(~RATE*MEN(J)*R.) 
lC;~ LrnC;T(')=TVlCOT+«FTXr.OS(I)/(8 •• ~~.».LTIMF' 

C;YC;TEM(I)=LFTFQ(I) 
Nnl./pl< (T) =J 
r.HnoRI'):r.~OPF.qcl<) 
qLnwp(l)=QLOWFP(~) 

I.TTI.lF.RIT)=I.TTMF.:I6A. 
TvrnST(')~(TVLCn.T/LTTMER(I)'·a. 

PAGE P.~1'3 
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FORTR4N TV G lF.VEl lq· MAIN DATE = 71174 11/49124 

9146 
"147 
R14ij 
Itl4q 
1'15" 
"i51 
cnC;2 
11153 
Al54 

11155 
In56 

6157 

9158 
UC;q 

U"" Rl"l 
ln#',2 
n~3 

"164 
Rl6S 
IHF,,,: 

TCO~T(I)=TVr.O~T(I)+FtXCOS(I) 
TTCOSl(t):nTI~ECI)*Tr.05TCI) 
COSTTN(T)~TTCOST(I)/TTnN 
COSTHR(I)=TTr.O~T(I)/CnTIw.E(I)*A.) 
TO~YQCT)=TTn~/(nTIME(T)*8.) 

4A COMTlNUE 
311 CONTINUE 
l"A~ WPTTEC6.1A~) 

~ 

lA6 FOP~AT(/.?X"SY5TEM lA LO lA LO OAILY OAILY TOTAL DAY! FOR 
ItO~T FnQ COST COST TONS,.qX.'CPITICAI.ITY PFPOPT - ACTTVITIFS'.I 
2.1AX.'TT\l~ COC;T vaRY. FUr::rl DAILY THIS THTS PF.:R 
'1 PFP PF:R '.fiX.'CHOP HAIJL UNl.04D RETURN OI/M!.1y •• /,?4X.'COSTS 
4COC;TS COC;T~ TnlllNAr,F.: TONMI\(;r:: TON HOUR HOUP') 

00 ?Rl 1=1.?4' 
2"2 WPITE(~.?~J) SYSTEM(T),LTJMFR(T).tCOST(T),TI/CO~T(I),FIXr.OS(t),TCOS 

CT(t).nTIMF(t).TTC05T(I).COSTTN(I).cnST~p(I),TONHR(I).CCHnp(I).CHftl, 
CU Tl ,C/'.:LOal)( T) • CRET RN ft) .CDI/\lMY fT) . 

2"3 FOP·'ATC4X.41.4X.FS.??X.F6.~.?X,F5.?lX.F6.?,?X,F6.2.lX.F5.1,5x,F7 
1.??X.F5.3.1X,F5.2.1x.F5.2,~X,I?4X.I?.5X.I?,6X.I?.,5X,I?) 

2IH CONT I fl.!IJE 
HO CONTI~HIE 

WRTTE (F,.l"IIR) 
lCiA" FOP'AAT C' 1') 
111 ~ CO~IT 1 NUE 
MI" CONT 1 NUE 
UI'R r.ONTlNUE 

STOo 
E"!I') 

*OPTTON~ IN EFFECT* In.ERCOIC.~OURCE,NOLI~T.~OOEc~.LOAn.NOMAP 
*OPTTON~ IN EFFF.CTo N4~E = M4I~ • LINECNT = 5" 
*STATISTT~S* soupeE ~TATE~ENTS = 16~,PRaGRAM SI7E = A2979 
*STATISTtCS* NO DIAANn~Trcs (;ENERATEO 

PAGE IHHJ4 
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. en 



" 

! • 

" 

,_ .......... . 
......::... •• ~--_.- ......... -. _______ ._ ...... , I,,-- __ "._,_ •• _ 

FORTRAN Tv G lFVFl 19 MAIN DATE = 71161; 

IHUYI 
""112 
''''''3 'HHl4 
1'935 
A '''U, 
IHJ"7 
P""A 
"9~q 

9919 
Il''11 
""12 
fU'13 
'''JJ4 
""15 
'UJII; 
"917 
l'l'IR 
"")9 
"92" 
""21 
'922 

c 
c 
r. 

l"!4 

lAC; 

19" 

lA:? 
lAI 

,11'3 

SURROUTINE FC05T 

~UqDOUTTNE ~C05T(~TYPE.MC05T.FXCOST) 
RF'IIL IHI.I.ICOC:T 
OI~FNSTON MTYPE(R),~CO~T(~).FXCOST(8) 
00 lÏJ" "'=l.q . , 
np=«"'CO~T(N)§.Q2)-(a.l~~CO~T(N)')/l". 
Q=]. 
H=Il'~ 

H=C~.lP*CC~COST(N)~.q2)-(R*np»)+H 
JF(P..~Q.la.) G~ TO 1"5 
R=P+l. 
r.n TO 1"4 
IHJ=H/IA. 
FXcnSTCN)=OP+IHJ 
cn~'TINIJE 
AIIIS=9 •. 
IF(A~~.Eo.n., GO TO 11'13 
no IIJ~ N=l.Q 
WRITE(~.lAl' ~TYPE(N'.MCOST(N),FXCOST(N) 
FO~"'AT(~x,tl.?F)".2./) 
r.ONTI~IUE 
RF'TUqt-j 
EMO 

~OPTIONC: IN EFFECT* In.EqCOJC,SOURCE,NOlIST,~IOOEC~,lOAO,NOMAP 
·OPTtON~ IN fFFfCT* NA~E = FCOST • LINECNT = 56 
·STATT5TTCS~ SOIJQCE C:TATFY~NT5 = 22.PROGRAM SIZE = 716 
*STATISTiCS~ NO DTA~N05TtC5 GE~FRATEO 

( '. 

I~~' 

16/112/411 PAGE 3IJlH 
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rORTR~N TV r, LEVFL lq MAIN DATE = 71165 16/"2149 

9''1'1 

1!Il"2 
•..... """ 3 

"""4 
"""5 
"""" 
"''''7 
"9"A 
IH"'9 

"" lIY '''Hl 
""12 
'BH3 
9"14 
""le; 
'''JI'!> 
"Al7 

"na 
~"19 

"929 
""21 
""22 
1"'23 
""24 
""25 
99?''' 
"PIn 
IH12q 
IH'?9 
""39 
1lA31 
""32 
~"33 
""34.' 
~"35 
'BJ3'> 
""37 
"93Q 
""'39 
"~4" 
1'1.'41 
""42 
9A43 

r. 
c 
c 

UR 

1"3 

Ill' 

11 

12 

l"?' 
lAI 

lA~ 

- lin 
Ipq 

111" 
)114 

• C;U"IPOtJTtNE CHOP 

~URROUTINE CHnpCCP.CT.AT,YD.lIFE.CA.P.WT,~A,FMI,CHOPER.CHOPTl,CHOP 
XT?CHnpc.PC.C;P01.SPD?..WG.FCT) 
IMT~Gr:R CHOPfR 
QFAl MP~.MPHP.LTFE , 1 

OIM~NSION CP(4).CTC4'.lIFEC4,.CAC4,.PC4).NAC4,.FMIC4).CHOPER(4),CH 
XOPT1(4).CHOPT2C4),C~OPCC4),TCOST(2),DURAl(2',DURA?(2) 

"'PTT!: fi .. 1 RCI, 
FOPMATCAX.tCHnp'.5X. t TOTAl CaST DURATION ACT/OUR 1 ACT/DUR 2 C 

l(HnpPEQ COC;T IHOIIR 1) 

On UH T=l.? 
oIlP=\n / (CP CI' *FM 1 ( 1 , , 
XT=1"".*CC1A.*F,"",'/12Q"".) 
TAPT=A.l?*cx T**1.5) • 

.TRCnST=«CCTAPT/l"A.)*CT(I»/1ll'.)/6"9.)*o0R 
Y=(AT*VO)/CPCT) 
XC=l~".*«l~.*V)/lIF~CI» 
TAor.=~.127*(XC**1.4) 
CcnC;T=cceeeTAQC/l~".)*CACI"/lA~)/Y)*OUR)+CPC*P(I)*OUR) 
GO TO Cl" .lll • r 
CCOC;T=CCOC;T+CC5PQl*C;2~~.*CWG+(WT/?.)'*FCTo2""".*OUR*PC)/(559.*36"" 

C. " 
GO TO 12 . 
Cr.OC;T=CCOST+(CSPD2*5?S".*(WG+(WT/2.';*FCT*2""".*OUR*PC)/(553.*3639 

C.,) 
TCOC;TCT)=TPCOC;T+CCOST+Cp..A3*nUR) 
TCOC;TH=TCOSTeJ,/OUp. 
nUt/AI Cl,=!)IIP+ CS.IF,".) 
OUOI\? C 0 =l)flQ+ (2./6".) 
~PJTE(~.lA?, TCOSTCI).DUR,DURAICI),DURA2(t"NA(I).TCOSTH 
FOQ~ATe2AX.F~.2.4X.F~.~,6X.F5.3,6X,F5.3,7X.ll,6X,F6.2) 
CO".ITT"!UE 
no HIC; 1<= 1 • 4 
IF(K.FO.1.OR.K.~O.2) GO Ta 1"6 
r.o TO 1~7. 

CHOPTl (K' =nllOA 1 (1) 
CHOPT? (1<) =1)1I~A2 Cl) 
CHOPC(K)=TcnST(l) 
CHnpER on =NA (1) 
r,o TO lAC; 
JF(~.~O.1.0P.K.~Q.4~ GO Ta lAR 
CHOOTl eK)=f)IIRAl (?) 
O!flOT? CK, ::nIlQI'I? (?) 

CHOPCeK)=TcnSTe?, 
CHOPF.:PCK)-=~I'I(?' 
(;O>.IT T "II IF.: 
CONTT"!IJE 
RFTIJ~N 

Hm 

.F)PTtON~ 1"1 F.F~F.:CTG In.ERcnlC.SOlJPtF.:.N~LIST.NOnF.CK.lOAD.NOMAP 

.OPTT O'IC: T N rFFFcT G NA'JE = rHOP • t.TNECNT = 5f, 
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rORTR~N IV G LF.V~L lQ MAIN , DATE'" 71165 16/92/411 

C 
C SIlAROIlTl"4E HAUt 
C 

"l'''l C;IJ~P.OUTINI=" ~"UL(DI5T.ypH,MC05T,HAULT.HAlILCl,H"lILC2,H"ULC3,WG.WT.FC 

''''''2 
1'111'3 

"""4 
"AAS 
"11l~6 
fIlIl'7 
01U'8 lB" 

1HY"9 lB? 
"IJIA 

"" 11 
\ "" 12 
'''n3 4 
""14 
"91'5 
ABIr, 

""17 C; 

"'n~ 11319 
lJlJ?i! 1, 

"1'I?'1 lAI 
"Çf22 lin 
IHI23 
"1J~4 
11325 
""'26 1114 

-_. -3A?7 l ,,~ 
91'12j:\ 
""2Q 

XH.pr) . 
REAL MPH.MCOq 
DTt.1r::NSION H~IILT (4) ,HAlILCl (4) ,HAIJLC2 (4) ,HAULC3 (4) .t.1COST (8) .CTH (3). T 
XenC;T(1).TcnST~(3),TRCOST(3) 

eTH fl) =McnST (6) 

CTI-f(?,)=IACOSTC7) 
eTH (3) ='~COC;T C 8) 
lo/RITECI'..lAA) 
FOQMAT(~X.·HAUL·.5t,·TOTAL COST OURATION ACT/OUR CaST/HOUR W 

XAGOM POWEQ COST') 
nup.=1) 1 ST l'APH 

XT=lAA.*CCl".*AA~.)/lê""".) 
TAQT=~.1~*(XT**1.5) 
on 4 1=1.1 
TRCOSTft)=( C C CTARTI1~It.)*CTHCI) )/1~.)/6PII. )*OIlQ 
WPCOST=(MPH*5?~~.*CWG+WT)*FCH*2""".*DUR*PC)/(55".*361J".) 
DO c:; 1=1.3 
TCOST(J)=TRcnSTCI)+WPCOST+(II.Rl*OIJR) 
TcnSTJ.lCl)=TcnST(I)/OUR 
OIIDI\=nuP+ (~./M1.) 
no f.. J=l.~ 
WRTTE(~.l~l) TC"ST(I).nu~.DURA.TC05THCT).WPCOST 
FOPMAT(2~x.F6.2,4X.F5.1.SX.F5.3.4X.F6.2.l1X.F6.2) 

'00'''41<=).4 
HAUL T CI<) =OIIRA 
HAU(tlCK)=TCOST(l) 
HAULC?CK)=TCOST(?) 
HAlILC3CK)=TCc\STC3) 
'CO~TIN"E 
RETURN 
ENO 

°OPTTO~~ TN F.FFF.CT* In.ERCOIc.snuRCE.NOLIST.NOOfC~,LOAO.NOMAP 
. °OPTTON~ TN EFFF.CT* NA~E = HM~ • LINECNT = 5~ 
°ST~TISTICC;* SOURCE STATFMfNT~ = 29.PROGRAM SIlE = 1276 
°STATISTICS* NO DIA~NnSTIC5 GE~r::RATED 

. ! 
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FORTRAN IV G lEVEl 19 

C 
C 
C 

MAIN DATË = 71165 16/"2140 

SIJARQlJTlNE UNLOAD 

91'1'1 qU~Drn)Tt~~ U~LO~nlcp,~T,AT.yry,LrFE.CA,P,PWU,CTH,WT,NA,UNLOAT,UNLOA 

.'. ·AIlIIl? 
""AJ 
AIH14 

XC .~LO'~f.R. or.) 
INTFGF.R Rtm·IER 
QEAL' MPH.~PHR.LTFE . 
DI~EN~TON r.P(4).CTI4).LIFE(4),CAI4),PI4),~AI4),UNLOATI4),UNLOACI4) 

X. TcnST (1.) .OURA (4) ,RlO'IIER (4) 
fl"A~ 

'''''' 1) 

''''l'7 
IUlflQ 
flH'9 
fieu 
fllH 1 
'''YI? 
'''Jl3 
11914 
""IS 
"911'; 
9917 
l':HJ:! 
9fl19 
AA2" 
"921 
111122 
"023 
IIA24 
p.nc; 
AP.~6 

"A?7 
P.A28 
"R?q 
1'030 
91'31 
"A32 
11013 
""34 
AS35 
"031'; 
·""37 

WRtTJ: (1'-. J ~A) 
lIHI FOOMATCRlC.'UNlOAD TnTAl COST OUoATION ACT/DUQ COST/HOUQ rROw 

XJ:P') . 
lIJ3 no 101 J="1.4 

nUR=WT/èp(T) 
XTl=lAA.*(ll~.*~"B.)/l~BA".) 
TAPT1=~.1?*IXTl**I.~) 
Tl~nST=«(TART1/1A~.)*CT(I»/IA.)/60A.)*DUR 
Y=(AT*vO)/CPIJ) 
YR=lAA.*I(lQ.*Y)/LIFEII» 
TAoR=A.l?7*CX8**1.4) 
RcnST=I((((TAP~/l"A.)*CAII»/I".)/Y)*DUR)+(PC*PII)*DUR) 
Wr.""5T=PC*p~11I*nI)R 

T?CnST=(I((TART1/IAA.)*CTH)/19.)/6AA.)*nUR 
TCOqT(T)=TIC""5T+8COST+~COST+T2COST+IB.R3*bUR) 
TC""~TH=TC""~T(I)/ryuo 
0110 A Il) =Ol)t)+ I?. /tiA • ) .: 
WRTTE" IF.l A:?) TC,..,SH l) ,OUR .. OURA II) • TCOSTI--I. Î-JA (1) 

lA? FOD~AT(?~~.FA.?.4X,F~.1.5X.F~.3.4lC,F6.2,7X,Il) 
lA 1 CONTI !lIUE 

1')0 U4 K=1,4 
IF(K.FQ.100Q.K~FQ.~) GO Ta lAS 
r.n TO l"li 

lAe; tJ~1.0AT(I{)=I"l!.lPAh) 
IINl.nAC(I<")=Tr.OST(3) 
fll.O',IEP IK) =NA (3) 
GO TO lA4 

lA~ IFI~.FO.?.OP.K.Fn.4) GO TO 197 
lA7 UNLOAT (K) =I)IJP.A (4) 

UNlOAr.CK)=Tr.OST(4) 
RLO',IER (1<) =~I ~ (4) 

1Il4 CONTINIJE 
RFTlJPN 
f.)Jn 

*OPTTON~ IN fFF~CT* IO.E8r.I)TC.SOIJRCE,NOlIST.NODECK,LOAn,NOMAP 
*ooTTO""c; IN F:'FFfCTif NII"'f. = IJIIILO~D • L INEOJT = !=;(, 
*~TATISTTrSo SOUP~~ C;TAT~"'ENTc; = 37.PROGR'M SIlE = 1644 
*~TATI5TTr.5* NO nTA~Nn5TIC~ ~ENERATED 

\-. 
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FORTQ4~ IV G lEV~L )Q ~AIN DATE = 7l1f>5 16/11214" 

r. 
C SUClJ:?OUTIMF. RETlJR 
e 

"oAl ~URR~ITI~~ QfTlJQeDI~T.~PHR.PF~J:?NT.PETRNl.RETRN?.RETRN3,MCOST,WG,FC 
)(H,Pr.) 

"9A2 
''''''3 

""1'4 99 
"9115 
IIIIA6 
'OA7 

'''''H3 lB" 

''''''9 lA? 
""19 

"" 11 ""12 
'1'13 4 
""14 
,enS 
AA16 

""17 C; 

"91~ 
""19 
""20 ~ 
A"?l lAI 
'H'22 193 
:tA23 
""24 
A ":"1'5 
111126 }A5 
""~7 lA4 
1102R 
9"'29 

RE4l MPH.MP~P.Mr.OST 

nIMrNSTO~ PFTP~T(4).QFTqN3e4).RF.TRN2e4).RETRNle4),MCOSTe8),TRCOSTC 
)(3),TCOSTCJI.TC0~THe3).r.THC3) 

CTH e u =~r.oc;r e il) 
CTH(2)=McnSTe71 
eTH c:p =~lcnCjT CA) 
WQTTEC(,.101A) 
FOI;I·.IAT(Pl(, 'PF.TlIPN TOTAL COST OURATION ACT/OUR COST/HOUR WA 
XGn~ PO~tR COST') 

OlID=O r.ST /,APHR 

XT=lij".~(el".~~"".)/l?IJ"".) 
TAPT=".I?~CXT**1.5) 
no 4 1=1.1 
TRtnSTCI)=eCCCT4RT/l"~.)~CTHCI»/1,,.)/6"0.)*DUR 
WPCOST=CMPHD*S2q~.~~G*FCH*2~"".*OlJR*PC)/CS501.*369".) 
nn ~ T=1.3 _ 
Tr.n CjTCTI=TRr.OSTCI)+WPCOST+CII.A3*OUR) 
TcoC;THeII=Tr.nSTCI)/DUR 
OIJI;IA=nUR+e2./f>"'.) 
00 '" T=I,3 
"iQ TTF. e li. 1 U li TCnST( l) ,I)UR. DURA, TCOSTH CI , ,WPCOST 
FODMATC?"l(.F~.~.4X,F'5.3,SX,F5.3,4X,F6.2,11X,F~.2) 
no lUe; K=1.4 
RETQNT CI()=nUQA 
RrTQN1 fK)=Tr.OSTel) 
RFTPN:"IfK)=Tr.O~Te~1 
RETQN1CK)=TCOSre3) 
co",TJ~I(JE . 
RF.:TIJRN 
ENI) 

·OPTJON~ IN EFrECT~ In.~qcoIC.SOURCE,NOLIST.NonECK.LOAD,NOMAP 
*OPTIO~~ IN F.:FFfCT* N~~E = QF.:TUQ • LTNECNT = 56 
*C;TATI5TTr.~* C;OUQr.F.: ~Tl\Tf·4F.NT~ = 29.PROGRAM snf = 1252 
·STATISTIC~~ ~o DT4ANO~TICC; GENFRATED 
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fO~TRAN JV G l~VFL 19 MAIN DATE = 71165 16/11214" 

PIJlll 

'''Hl 2 
9993 

R904 
RRRC:; 
IHHlç., 
9111'17 
A!t"~ 

''''''9 111'13 
°111111 
1'1112 

""13 E'1'I}4 
R''IlS 
l'R16 
P.1l17 
IJR}I\ 
'H'l9 
Il 'Pl' 

. IH'21 
~I'?2 
9923 
"R24 
11025 
":'2" 
~'if?7 

"":>"1 
""'29 
RI'13 
1'031 
"1'32 
\Ja33 
RR14 
1!~35 
A931) 
111'37 
.1"'38 
IH'39 
I1R4:' 
111141 
al'l42 
R043 
""44 
R045 
11946 
;4047 
"04>1 

r. 
c 
c 

SU~ROIJTINI;: SET 

SU~DOIJTJ~E ~F.T(TOTL.O.C.K.J.CHnPT,.CHOPT2.TYPF.A.CH0PC.H4ULT,HAULC3 
X .I-IAIJU~? .HIIUI.Cl.IINL04 T. U/I.'LOAC. RI'.:TRt-1T. RETRN3. RETRN2. RETRN1) 

INTfGF.R TOTL.O.C,ERqOD.TYPËA,TYP 
DIMEN5JON CHOPTIC~).CHOPT2(KI.TYPEA(10",6).C~OPC(K).HAULT(K),HAULC 
Xl(K).~AUlC~(~).HAULClCK).UNlOAT(K),UNLOAC(K),RETRNT(K),RETRN3CK),R 
XFTR~2(K).PFTRNICK).D(TOTl).CCTOTL) 
no Ill" L=l.TOTL 
TYP=TYPF.ACL.J) 
GO Ta C99.QR.97.96,9S), TYP 

99 TF U.l='o.1) r,n Tn 94 
X2=C'HOPr;? (10 *M. 
IHl.)=X?+.5 
C?=~HnDC(K)*l"lJ. 
C(L'=C2+.C; 
(;0 TO 1 tHI 

94 Xl=r.HOPTl(K)*~". 
D(l)=lCl +.0:; 

Cl=CHOPC(~)*]"'''. 
C (1.1 =c l +. c; 
C;O Ta 1"" 

9~ X3=Hl\tlLT<IO*F.A. 
n(u=o+.C; 
IF(J.En.l.ANo.(K.E~.1.0R.K.EO.2» GO Ta 1 
Jf(.J.~O.l •• um. (1{ .F,o.3.0R.K.FO.4» GO TO 2 
r,3=HAlIlC3(K)*lÇf". 
C(U=C1+.'i 
r,o TO 1"" 

1 C3=I.IAillC?,(K)*1"". 
C (U =c~+. c; 
C;O TO 1"" 

? C3=HAlILCl (10*1"11. 
C (LI =C)+.c; 
GO TO 111" 

9? l(4=IINlOl\T(I()*t,0. 
n(l.)=x4+.C; 
C4=I!NL04C (1() *1."'11. 
C (J.) =C4+. c; 

. r.o TO l:;t:-J 
~~ X5=PF.TPNT(~)*t,~. 

n (l) ='(t:; •• 'i 
JI=' (,J.Fn.l.A~IO. (K.E~.1.0R.K.E~.i.!» GO 10 3 
Jf(J.FO.l.~MO.(K.EQ.3.0R.K.EO.4» GO TO 4 
C<;=PETQN3(1()*lllll. 
C (1.) =CS+.C; 
GO TO 1"" 

~ r.S=qETPN?(K)*l"". 
C(LI=r.C;+.C; 
(;0 Ta 1l!II 

4 C'i=PETRNl(K)*l~A. 
r. IL 1 =CS+.C; 
r,o Ta }rll~ 
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FORTRAN IV G L~VEL . 19 

11949 
1119<;" 

""~l 
00'52 

qs r)(U=A 
C(U=A 

UP CONTINUE: 
AI\IS=J. 

SET DATE =·71165 

""~3 
11054 

IF(A~q.EQ.R.) GO TO lAI : 

16/"214" 

""55 
no 111 M=l.K J 

103 WRITE(6.1~?) CHOPTl("),CHOPT?(M),CHOPC(M),RAULT(M),HAULC1(M),HAULC 
X? ('-1) ,HAIJLCl (M) .UNLOAT (M) ,UNLOAC (M) ,RETRNT (~') ,RETRN3 (M) ,RETRN2 (p.n ,R 
XF.TQ~J1 ("') 

99';6 
99c;7 
A0C;~ 

9959 

192 Fnp~AT(2X.13F5.1,11) 
lin CONTI"IIJF. 

RfTIIRN 
E",n 

. 5 
-*OPTTONq IN EFFECT* In.ERCOIC.SOURCF.,NOLIST.NOryECK,LOAD,NOMAP 
~OPTYON~ TN EFFECT* NA~E = SE:T , LINECNT = S6 
*STATISTJCS* SOU~CE STATEuE~T5 = S9.PROGRAM SIlE = 2999 
*STATISTJCS* NO OIA~NO~TYCS ~ENERATEO 
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~ORTRAN IV G l~Vr.l 19 ~AIN DATE = 71165 16/1'/214" 

r. 
c 
C 

"'HU 

"""2 
99113 

"'''4 
lII!'!!s 
9"".e; 
91HI7 
III"'A . 
IJIUl9 

""lB 9911 
"1'12 
IJlU3 
""14 
IIlHs 
9916 
6017 
""Pl 
9AI9 
9"29 
9A21 
fi "22 

R923 
9P24 
""25 
PO?!> 
91'127 
1J1'2F.\ 
~IJ29 

9"3" 
1J~31 
,,")2 
"A33. 
""J4 

.. l'/AJ5 
Iflns 
""37 
""3Q 
9IJ19 

IH'4" 
111141 
9"42 
""41 
""44 

SUAROUTINE CPM . 
~UA~OUTINE CP4(ACTIV.PN.SN.NODE,SNAC.PNAC.O.LAS.TOTL.lTTME.CCHOPR, 
XCHAI~P.CNlQ~R,CRETRR.cnUMMR.TYPF,EET,LET,TFLOAT.PFLOAT~FFLOAT,EST, 
XF:FT.LFT.Lc;n 
qEAl lTtM~ n 

INTFG~R FrRc;T.TOTAL.ACTIV.O.C.PN,~N.SNAC,PNAC,EET,TFlOAT~PFLOAT,FF 
XlOAT,~~T.~FT.LA~.TQTL,TYPf.TYP.CCHOPR,CHAUL~.CNLOAR.CRETRR.CDU~MQ 
OtM~N~TO~ A~TTV(lIJ").n(1~II).PN(1"A).SN(lA,,).NonE(lq9),SNAC(10A.11'/) 
X.PN~C(l~".l~).EET(l~,,).LET(lAI!').TFLOAT(l""),PFLOAT(I"1!'),FFLOAT(lIJ" 
X,.FC;T(1"~),~FT(lBfi).LFT(18A),LST(191!').TYPE(lIJ") 

1 TOTAL=TOTL 
·lAST=LAS 
FlPC;T=~iOI")E Cl) 
J=l 
LF:TIJ)=A 

2 FETIJ)=" 
00 ?3 J=2.LAST 
K=1 
IF(C;NAC(J,K).F.Q.IJ) r,0 TO 12" 
GO TO 121 

12A WRTTE(~.l?~l SNAC(J.K),J,K 
122 FQPMAT(~X.'ERROR 129 SNAC(J.K)='.I4,' J=',12.' K=',I2./) 

F.RQOR=l+EpqOR 
GO TO 1"3 

121 ffT(NO~E(J»=D(SNAC(J,Ki-l"")+EET(PN(SNAC(J,K)_lBI!'» 
22 1(=1(+1 

T~(~NAC(J.K).EQ.A.) GO Ta ?1 
TF(O(~NaC(J.K)-100)+EET(PN(~NAC(J.K)-19P».LE.EET(NODE(J») GO TO 

X?? 
EET(~OnE(J»=O(SNAC(J.K)-10R)+EF.T(PN(SNAC(J.K)-1"0» 
r,O TO 22 

2:1 COMTtNIJE 
1 J=LAST 

l TTM~=FFT (J) 
24 I.F.T (r.JOnf: (J) ) =EET (NonE (J» 
?A J=J-l 

1<=1 
IF(PNAC(J.K).EQ.R) GO TO 13" 

. GO TO 13) 
13" ~R1TE(A.13?)Pr.J.C(J.K) 
13? FOP~AT(6x.'FRPnp 13~ PNAC(J.K)='.I4./) ~ 

C;O TI) 1113 
111 LET(NOnF(J»=LET(Sr.J(PNAC(J.K)-l""»-D(PNAC(J,K)_l~ij) 

?~ K=I<"+) 
I~(PNAC(J.I().tQ.II.) C;O TO 2~ 

'f(LET(Sr.J(P~AC(J.K)-IBA»-D(PN~C(J.K)-lAB).GT.LET(NODE(J») GO TO 
X"" 
LfT(r.JonF.(J»=LET(SN(PNAC(J.KI~I~"»-D(PNAC(J,K)-l"") 
riO TO ?" 

?<; TF (~IOnF (J) .EQ.fIRST .OR.NOOE (J) .LT .FIRSTl GO TO 7.7 
00 TO ?FI 

';>7 CONT l ~1I1f. 
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FOQTRAN IV G LEV~L 19 

C 

cP,,", DATE .. 71165 16/02/40 

Il''45 
1I1l46 
"047 
1I~4'1 

9~4Q 

""59 
""=;1 
"~C;2 
0053 
"054 
"1155 

''''56 
.. ::~~ 

""C;9 
IH!MJ 
~1'''1 
fH'~2 
IHJ~3 

IHlr,4 
P065 
PP6r, 
""(,7 
A0f.g 
11069 

""7" "1171 
1"J72 

AIl73 

Aq74 
IHI7'5 
IHH6 
!HI77 
'"'78 
"1"9 

"Il~" 0B91 
'"H12 

·AIHI') 
'.' IIIH\4 

A"~5 
""j:\I) 
IJC!A7 
""P8 

01H19 
allC)1l 

C . FLO~T CALCULATION5 
C 

'C 

C 

CCH"PP .. " 
CHAIILQ=IY 
OJlO~R .. ~ 
CPF'rRQ=0 

4 cn'.'IA!'IQ=~ 

nn 43 t"I.TOT~L 
41 IFC~NCT).lE.ff.OP.PNCI).LE.,,) GO TO 149 

r,0 Ta 141 ' 
14~ WRITEC~.14?) SNCI),PNCT),I 
14? FOPMATf~X.'ERROP 143 SNCI)"',T4.' P~CI)='.I4,' 

GO TO }·1l3 
141 T~l~ATfT)=LF'TCSM(I»-~ET(PNCt»-O(J) 

PFL~ATCI)=l~TCSMCI»-F'ET~SNCI» 
FFLOATCI)=TFlOAT(J)-PFLOATC!) 
IFCTFLOATCT).LF..A) GO TO 143 

143 
liO Ta 4!! 
TYP=TYPF.fI) 

144 
r.o TO (144.14'5.146,147.148). TYP 
CCH"PP=CC4I"!Pf,>+1 

145 

146 

147 

14~ 
4 CIl 

':i 

GO TO 4A 
CHAI IlR=CHAIILR+ 1 
r,0 TO 4R 
CI\IlOAP=C"-ILOAR+1 
GO TO 4111 
CRE"TRR=CRFTQP+l 
r.0 TO 4A 
COI '~~MR=CI)I.lV""R+ 1 
CO~ITI~'UE 

AN~=~. 

" JFCâNS.~Q.~.) Go TO 1"4 
no <;iiJ l=I.TOTAL 

=;1 IF(~NfT).l~.~.OP~PNCI).LE.Il) GO TD 15" 
GO TD 1t;1 

1=;" ~RTTEC~.15~) ~~CI).PN(!).I 

1=',12,/) 

1C;~ FOQ~AT(I)X.'F'RROR 15~ SNCI)~',I4., P~CJ)=',I4.' 1='.12./) 
FRP'lR=F"PROR+1 
r,n TO 1"3 

1~1 F'ST(I)=E~TCP~CI» 
FFTCI)=ESTCY)+OfY) 
lFTCI)=lF"TC5NCI» 
LSTCI)=LFTCJ)-n(l) 

c;" CO~!T 1 NUE 
7 I~DJTE (1;. 7Cl) 

711 FOQ~'TC~X"ACTtVYTY nURATION EAPLIEST EARLIEST L~TEST LATEST 
X TOTAL INTEPF'~RINA FREE,.I.~~X.'START'.~X"FI~ISH START FI 
XNI~H FLOAT FLOAT'.RX"FLOAT'./,26X"TIME',6X"TI~E',6X"TIME 
X Tl "l':' ./) 

A r.O~IT 1 ~llIE 
no 1,2 '=l.TnTAt 

PAGE !JIJB2 
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rO~TQAN IV r, LEVEL 19 CP: .. DATE = 71165 16/92149 

IHJQl 

""'92 :-i'cn 

~l WRTTE(~~6~) 4CTTV(I).O(r).E~T(T),EFT(I),LST(I).LFT(I),TFLOAT(I),PF 
XLOI\T(T).FFI.OATCt) . 

i'l'Q4 
1'''95 
1'''96 
""en 

~" FOQMAT(7X,T~,SX.I5.~X,IS,SX,IS,4X,I5,3X.IS,4X,I5,3X,I5,~X,I5) 
fi? CONTINUE 

1114 r.O~!TT NUE 
IR3 CO~ITINIJF. . 

RfTlJRN '\ 
END . , 

.OPTTON~ IN fFFECT* IO.ERCQTC.~OURCE,NOLIST,NOQECK,LOAn,NOMAP 
. • OPTTO~~ lN EFF~CT* NAME = CPM • ltNECNT =5~ 

• ST~TISTT~So ~OIJRCE ~TATF.MENTS = q7.PROGRA~ SIZE = 4432 
.ST~TISTtCSo ~o OIAr,NO~TIC~ r,E~ERATED 

• ~TATISTICSO NO DIAr,Nn~TICS THIS STEP 

c., 
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FORTRAN IV G LEVEL 19 PlOTA DATE = iÙ27 
. - . 

SUBROUTINE plOTAeXAXIS,YAXIS,M) 
DIt-lF.NSION XAXIS eM)'YAXIS eMI .... .. .. 
DIMENSION V~CALF.e51',XSCALEel"11,LSCALEel"1) 
lOGICALol C~A~T(~1,11J1).lETTER(2AI,LSLeIIJ11 

- ~~ •• '- ... ~ .. -. " ._~._., •• _ ••••• _~ ,. '" ••• '0. __ ••••• ' .~~_ 

99/32/36 PAGE 9881 
UU 
11H12 
8993 
8984 
1995 DATA LETTER/'A"'B"'C"'D"'E"'F"'G"'H"'I'~'J"'K"'L','M','N 

8986 
8967 
9898 
98119 
8919 
9811 
9912 
BlU3 
Ber4 
.BUS 
BSl6 
9817 
B91S 
BU9 
8828 
"921 
8922 
9923 
9924 
1925 
8826 
B827 
8928 
8929 
8338 
Be31 
B"32 
"833 
""34 
8935 
9836 
81137 
Be38 
9839 
8848 
8841 
9942 
9943 
8844 
8945 
8846 
9847 
"948 
9949 
9959 
111151 
9952 
91153 

l','O"'P','O',IR',IS','T',IU','V
'
,'Wt ,'x t,t.,,, ',t ',' '1 

9TIME=I:l. 
BCOST=IJ. 
00 11" I=l,M 
IFeYAXISe!)-ACOST) iÀ9,199,11 

11 BCOST=YAXISeI) 
189 IFeXAXISeI)-8TIMEj li",IIIJ.12 

12 BTI~E=XAXIS(II 
lIA COfoJTI NUE . 

IFeQCOST.LT.s".) GO TO 13 
LSC=RCOST/'5C!. 
le=l. 
GO TO 128 

11 lSC=SIJ./9COST 
lC=2 

12A If(qTI~E.lT.1ge.) GO TO 14 
LST=BTIME/lIIe. 
LT=I 
GO TO 125 

14 lST=l~I:l./ATIME 
LT=? 

125 DO 121 J=l,Sl 
GO TO e126.127), LC 

126 YSCALE(J)=J*LSC 
GO TO 128 

127 YSCALE(J)=J/lSC 
128 CONTINUE . 

00 III K=1.1IJI· . 
111 CHAqT(J.K)=LETTERe26) 
121 CONTINUJ: 

00 114 K=I, lin 
'GO TO elZQ,13"', LT 

129 XSCALF.(K)=KolST 
GO TO 114 

13" XSCALE(K)=K/lST 
114 CONTINUE 

no 112 1=1.", 
GO TO (131.132), lC 

131 J=YAXIS(I)/LSC 
GO TO 13'3 

132 J=YAXISIIloLSC 
133 GO TO (134,135', LT 
134 K=XAXISIII/lST 

GO. TO 116 
135 K=XAXIS Il) 0LST . . .... . .. ' 
136 IF(.J.GT.51.0R.K.GT.1l'l.) GO TO 137 

GO TO 13A 
137 wRJTE(6.5~) J.K 

SA FOPMATI3X.'lTS NOT WORKIN~I~~X,Ij;~~.Ijj 
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FORTRAN IV G LEVEL lq 

GO TO SI 
138 CHART(J.K)=LETTERCI) 
112 CONTINUE 

• WRITE (6.23) 

PLOTA DATE = iÜ27 89/32136 

81154 
11955 
89')6 
l'li 57 
9858 
8B59 
9869 
9861 
9862 
""63 
9864 
8IJ65 
9866 
8B67 
8968 
8"69 
8878 
9871 
""72-
8873 
8874 
8975 
8976 

23 FORMATe'lt,3X"COST iN DOLLARS GRAPH Of CO ST vs TI"'Et,1) 
DO 201! K=l,lIll 

""77 8878 
U79 

~.. LSCALECK)=X~CALECK) 
-' 288 LSL (K) =LETTER (26) 

DO 281 K=l. Ul 
IrCK.fQ.l) GO TO 291 
I~(LSCALE(K-l).NE.LSCAL~~kji L~LCKi=LE~iER(2S) 

281 CONTINUE 
00 113 LJ=1.51 
J=52-LJ 
WRITE(6,2A) ~~CALE(J),(C~A~Ttj,K),K=l,lA~j 

113 CONTINUE '" 
28 . FORMAT(I ',5X,F}B.I1,'.',HllAU 

WRITE(6,2~) (LSL(K),K=j,191) . 
22 FORMATe' ',16X,UIC'+I),1,16X,1"iAi,lil,5Ü,'lH ,: IN DAYS') 

IrCLT.NE.I) GO TO 24 . 
WRITE(6,6R, LST . " . . .. ,_ 

69 FOR~AT(4HX,'WARNING- MÀX lIME GREATER THAN 1BB OAYS (51=',13) 
24 CONTINUE 
51 CONTINUE 

RETURN 
END 

·OPTIONS IN EFrECT* IO.EBCDIC,SOURCE.NOLIST.NOOECK,LOAO.NOMAP 
·OPTION5 IN EFFECT* NA~E = PLOT A ,LINEC~T = 56 
·STATISTICS* ,SOURCE STATEMENTS ~ 79,PROGRAM SIZE = 9132 
·STATISTICS* NO DIAGNOSTICS GENERATED 

*STATISTICS* NO DIAGNOSTics TiiIss'Ï"ÊP 
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