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A 0-1 INTEGER PROGRAMMING ALGORITHM FOR OPTIMAL SELECTION
 

OF MUTUALLY EXCLUSIVE MACHINERY SETS
 

H. ur Rahman and J. A. Wicks 

Oram et al (1979) have estimated the current value of expected 

tractor and draft equipment investments by Asian countries between 1975 

and 1990 at $3.95 billion. Considerable additional investment will
 

doubtless be made in irrigation pumps, crop-care machinery, threshers, 

and post-harvest equipment. Although much of this equipment can and 

probably will be supplied by established manufacturers in developed 

countries, there is growing concern about the appropriateness and 

foreign exchange costs of such imported macainery.
 

An alternative is to encourage development of an indigenous farm
 

machinery industry based on the local artisans' workshops so prevalent 

in much of South and South East Asia. Given sufficient encouragement, 

in terms of availability of appropriate basic designs, guidance on 

manufacturing, and assistance with marketing, some of these small 

businesses should expand rapidly and provide the foundations for a 

viable local industry. The Farm Machinery Developwu:nt Program of the 

International Rice Research InstituLe (IRRI) provides one mechanism 

through which this objective can be achieved.
 

The identification, design and dissemination of appropriate 

agricultural machines is a complex multidisciplinary problem requiring 

integration of the skills of engineers, economisLs and agrLcultural 

scientists. The prime roles of the economist are to provide ex ante 

information on the likely acceptability and impact of machinery and to 
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To be effective economists
assist in establishing research priorities. 


must be involved at the conceptualization stage, and continue through 

design testing and final machinery release. Failure to evaluate 

propooals adequately will result, at best, in a waste of resources aid 

may, at worst, severely restrict the development of a potentially major
 

industry.
 

The simplest and most widely used technique by which engineers 

evaluate machinery is private (to the farmer) benefit-cost analysis. 

Fixed and variable cost estimates typically depend on standardized 

and Barger 1972, Hunt 1973). Machineformulas (Kepner, Bainer 

ownership benefits - such as timeliness, yield increases and cropping 

intensity increases - are more difficult to quantify. Maranan (1981) 

assumed an implied rental rate for preparation of own land, and hence 

to rate. Yetincome for the tractor activity, equal the average custom 

a farmer would be expected to prepare his own land at the optimum time 

and allocate any remaining time to custom operations. This implies a 

higher shadow price for 	 own-farm operations than the average custom 

is to compare costs on the
rate. An alternative (Juarez and Duff 1977) 


basis of equivalent work by an alternative power sorce. For example a
 

could evaluated by comparison with the cost oftwo-wheel tractor be 

using a water buffalo. The benefitdoing an equivalent amount 	 of work 

saved by not using the water buffalo. Thiswould then be the costs 

one is able to define adequately an equivalenttechnique assumes that 

amount of work.
 

Such simple benefit-cost approaches ignore possible interactions 

resourceof machinery ownership and use with the rest of the farmer's 

base and cropping pattern. Machinery acquisition usually causes large 

changes in factor proportions which would be expected to result in 

altered cropping patterns. Whole-farm planning techniques, such as 

analysis, provide a mechanismmathematical programming ard simulation 

for incorporating these changes.
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Donaldson (1975) developed simnulation models to assess cereal 

seeding and harvesting .onsidering machine performance, crop yields, 

and losses due to untimely operations under different weather 

conditions. Power requirements, machinery selection, operations 

scheduling and costing for a given farm plan have also been considered 

(Hughes and Holtman 1976) as have timeliness losses (Edwards and 

Boehlje 1980). Monte Carlo simulation (Donaldson and Webster 1968) 

offers an extremely flexible approach to oimultaneous selection of 

machinery sets and cropping pattern, but no applications appear to have 

been undertaken.
 

Although only limited inferences can be drawn, there have been 

several applications of linear programming to farm planning with a 

fixed machinery set (e.g. McCarl et al 1977). Integer programming has 

been applied to machinery selection in developed countries (Colyer and 

Vogt 1967) as well as developing countries (Gotsch and Yusuf 1975, 

Danok, McCarl and White 1978). Gotsch and Yusuf formulated a model to 

study the implications to Pakistan of withdrawing tractor import 

subsidies. Whilst recognising the potential of custom and cooperative 

operations, they considered them insufficiently developed to include in 

the model. Danok, McCarl and White used an integer programming model 

for simultaneous machinery selection and crop planning of a state farm 

in Iraq. Constraints were required to ensure certain machines were 

only selected ;n combination with others and combinations were 

prohibited.
 

An alternative approach, in which machinery is grouped into sets
 

rather than sets being selected from individual machines, was developed 

by Danok, McCerl and White (1980). Solutions can be obtained either by
 

integer programming, or by solving for all feasible machinery sets 

us.ing linear programming. Linear programming would be a tedious
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process if there were more than a few options to evaluate, but the 

large number of solutions would provide the basis for a more thorough 

analysis. 

Other than for the final simplified case all of the mathematical 

programming pLocedures discussed above required the availability of an 

integer programming algorithm. In many developing countries neither 

the algorithms nor the expertize to implement them are readily 

available. In the remainder of this paper we developed an alternative 

procedure for obtaining an integer programming optimum through solution 

of a limited number of linear programming problems, the algorithm for 

which is more widely available. The procedure is subsequently applied 

to farm machinery investment problem for a typical irrigated farm in 

Nueva Ecija.
 

Theoretical model and solution procedure
 

The integer programming problem (IP) can be stated as:
 

= 
(1) max z c 1 + c2x 2 

subject to
 

(2) A1xI + A2x2 < b
 

=1
Xx I 

x I =0, 1 

and x2 > 0 
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where z is the objective function value
 

c1is 1 x 1 vector of return or cost coefficients 

associated with 0-1 integer variables, 

x I is a 7 x I vector of mutual]" exclusive 0-1 variables, 

c2 is a 1 x n vector of return or cost coefficientF 

associated with continuous variables, 

is a n x 1 vector of continuous variables,x2 


A1 is a m x I matrix of coefficients .n constraints 

associated with 0-1 variables, 

A2 is a m x n matrix of coefficients in constraints 

associated with continuous variables, 

b is a m x 1 vector of resources or right hand sides, and 

is a summation vector - a 1 x I vector containing 1 as
 

each element
 

The mutual exclusivity and 0-1 conditions, imposed on x1 by 

the 0-1 restriction and the constraint Xx I = 1, ensure that only 

one element of x1 can bv, equal to one and all others must be zero. 

,By arbitrarily selecting the kth element, x I to be one and setting 

all other elements to zero the problem can be rewritten in linear 

programming (LP) form as:
 

(3) max z(xk) = kxk + c2 x2 
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subject to
 

b Ak xk(4) 


(4) A2x2 < b - I k 

and
 

x2 > 0 

where ck is the kth element of the vector Cl, and 

k
 
A is the kth column of the matrix A,
.
11
 

An obvious way to solve the IP (equations 1 and 2) is to solve 

the LP (equations 3 and 4) ,equentially for all and then 

select the optimal solution. While practical for relatively limited 

problems it becomes tedious as soon as a realistic number of integer 

variables are considered. Solution efficiency can be greatly 

improved by eliminating the requirement that all of the LP problems 

must be solved to locate the optimum IP solution. This is achieved 

as follows.
 

The dual of the LP problem is
 

kkk k
 

= c xk + u (b - A x )

(5) min z (x k 

subject to
 

(6) u A2 > c2 



-7

and
 

u> 0 

where u is a 1 x vector of dual variables associated with the 

vector of resource availabilities, b. 

Garfinkel and Nemhauser (1972)
k 

have shown that, if the dual has 

an optimal solution for any x1 , a constraint on x1 can be 

specified as 

(7) (-c I + rkA)x < + ukb 

where Z is the best known value of the objective function for the 
k . 

LP problem and u is the row vector of optimum values from solution
 

of the dual problem. For those cases where the dual is unbounded,
 

that is there is no feasible solution to the primal LP problem, 
k. 

x is inadmissible. An optimal solution to the dual problem 

also provides a value for Z.
 

Since the problem has been formulated with a set of mutually 

exclusive integer vectors and infeasible options can be eliminated 

during modEI specificqtion, the existence of either an infeasible or 

unbounded solution to the primal problem will indicate the existence 

of a specification error in the primal model. This may not be the 

case for more general models (Garfinkel and Nemhauser 1972). 

Solution of the primal problem will provilhp P lower bound on the 

objective function, Z and a vector of resource shadow prices,
k 

u , which may be combined with b, c 1 and A to evaluate 

inequality 7.
 

Partitioning A 1 into Z vectors, aZ , each of dimensionm x 1, 

inequality 7 can be rewritten as 
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k k(8) Z (-X + u a) x < -Z + ukb 
j=l Ij J 

Since all xlj are 0-1 and mutually exclusive, inequality 8 can be 

solved for each x I by sequentially setting one variable to one and 

all others to zero. Those xlj for which the constraint is not 

violated are retained for future consideration. 

All that remains is to determine the sequence for selecting 

variables for consideration. From inequality 8 it is clear that the 

smaller, or more negative, the value of (-clj + u aajlj ) the less 

likely a x lj is to be eliminated. Hence the xlj with the 

smallest value is selected for the next cycle. It should however be 
k 

noted that since the vector of shadow prices, u , is specific to 
k 

the optimum solution of the LP with x as the integer variable,
 

selection of an alternative variable will likely change the shadow 

prices and may alter the ranking of the xljs This will limit the. 


number of options eliminated at the end of that cycle and provide a 

new xlj for consideration.
 

The prccedure systematically generates new constraints on x 1 

whenever a new vector of dual values, u, is generated from solution 

of the LP, and revises the constraints with new Z whenever an 

improved Z is available. Both changes can result in elimination 

of some of the machinery sets. The process is finite and continues 

until either the set of reduced constraints indicates the optimal 

solution or all sets have been enumerated.
 

A flowchart for the procedure is in Figure 1 and a brief 

description now follows.
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Ineqiiality 7 can be written as
 

1
 
1J 

l j 1(9) E . x --<j=1 


where a = (-c + ukA) and 

= -Z + ukb 

Step 1. Let T be the set of inequality 9 specified so far. 

Initially T is empty. 

Let Q be the set of xIs not currently zero in the optimal 

solution. 

Initially Q contains all x 

Let Z be the best known lower bound on the objective 

function. Initially Z = --

Step 2. If Q contains at least one element go to step (3).
 

Otherwise examine Z
 

there is no feasible solution. Terminate. 

If Z #- , the solution most recently recorded in step 

If Z = -o , 

(5) is optimal. Examine previously recorded solutions in
 

step (5) for multiple optima and terminate.
 

k 

Step 3. If T is empty select x arbitrarily and go to step (4). 

Otherwise examine the inequality most recently placed in T 

at step (7). Select the x. from Q which has minimum .,
k .1
 

and designate as 
xk 

I',
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Step 4. Eliminate from the set Q and solve the LP with xk 

I. If the solution is optimal go to step (5). Otherwise 

go to step (2). 

Step 5. If the optimal value of objective function, z* is less than 

Z go to step (7). If Z* > Z, record the solution. If 

= Z > Z, set Z Z for all inequality iL T. 

Step 6. If T is empty go tc step (7). Otherwise revise all the
 

inequalities in T with Z and go to step (7).
 

k 
Step 7. Solve inequality (9) with new u and Z, place in T and 

go to step (8).
 

Step 8. Delete all xlj from Q which have .. > i in any
 

inequality of T and go to step (2).
 

AN ILLUSTRATIVE APPLICATION
 

The procedure was applied to a machinery selection problem for 

a typical irrigated rice farm in Nueva Ecija, Philippines. Data over 

300 farms, collected as a part of the Consequences of Small Rice Farm 

Mechanization Project (USAID contract ta-c-1466), together with 

machine specific coefficients obtained from IRRI's Agricultural 

Engineering Department, provided the basis for model specification. 

Detailed matrix presentation is in the Appendix. The objective 

function consists of the net income from crop sales, machine rental, 

and other resource rental less the annual fixed costs of machine 

ownership, costs of renting in machines and costs of renting in other 

services. The model is defined by six constraint sets (A2 to A7 in 

the Appendix), upper bounds on the renting in and renting out of 

machinery and other resources (A8) and the usual non-negativity 
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restrictions (A9). All field operations for crop production must be 

performed at the appropriate time using either the purchased 

machinery set or rented in machinery (A2). Total machinery use for 

any operation in all crops together with renting-out must not exceed 

the capacity of machinery available from ownership and renting in for 

undertaking that operation (A3). An overall constraint is imposed on 

all operations the power requirement for which must not exceed owned 

plus rented machine capacity (A4). Cash, land, water, and technical 

requirements of crop production must be satisfied at the correct time 

and transferable resources can be made available at a later time 

(A5). Only one machinery set can be adopted (A6), and this must be 

purchase as an entire unit (A7).
 

The model includes conventional activities as well as machinery 

purchase. Crop production activities are defined by crop type, 

variety and planting time. Machinery renting activities are included 

to permit either renting in or renting out of machinery. Similarly 

resource adjustment activities are included to permit renting in and 

renting out of other resources, and input supply activities to permit 

purchase of fertilizer, insecticide, fuel, and other inputs. 

Resource transfer activities are specified so that surplus resources 

and intermediate products from one period can be made available in 

subsequent periods.
 

Machinery purchase activities are not included explicitly in 

the model. Machinery is selected from the available range on the 

basis of a predetermined mutually exclusive set which is defined 

exogenously. A machinery set may consist of any, all, or none of a 

power source (two-wheel tractor, carabao), engine, implements (plows, 

harrows) and other machines (threshers, transplanters). Units 

included in a set must be technically compatible, and the set should 

be usable for ttie intended purposes without additional machine 

components. Hence it is possible to have a single machine comprising 
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a set, in addition to that machine being in soveral other sets, so 

long as each set comprises a unique combination.
 

In addition to the farmer's existing power tiller, the model 

was specified for machinery sets to be derived from a carabao, two 

sizes of power tiller (PT3 and PT8), two sizes of reaper (RI and 

R1.6), two sizes of thresher (Th7 and TH8), four sizes of gasoline 

engine (GE3, GE8, GEl0 and GE16), two sizes of diesel engine (DE6 and 

DE8) and a transplanter. Machinery sets were formulated from these 

options ili accordance with technical requirements, and subject to the 

exclusion of "unreasonable" combinations. For example power tillers 

could only be linked to engines of the appropriate size, and only one 

of the small (TH7) and large (TH8) axial flow thresher was permitted. 

Figure 2 shows part of the resultant tree of feasible machinery 

sets. Given a 1&25,000 upper limit on investment costs, 76
 

potential machinery sets were identified. Solution of the LPs
 

associated with all of machinery sets would have been a tedious 

process. However, the proposed procedure required solution of only 

eight LP problems. 

Results
 

Iterations of the solution procedure are set out in successive 

columns of Table 1. Solution was initiated by solving the LP with a 

machinery set comprising the existing power tiller. This gave an 

optimal value of Ik14,857. On the basis of the lower bound, 

machinery set 42 (transplanter) was eliminated and machinery set 34 

(TH7, GE8, PT8 and R1.6) selected for the second iteration. Solution
 

of the revised LP produced a higher objective function value, 

P25,718, and hence a revised value for (-Z + ukb). This
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resulted in elimination of 25 machinery sets and selection of set 

nuuher 33 for the third iteration. Again, the LP solution produced a 

higher objective function value requiring revision of (-z+u kb), 

and identifying machinery set 25 for the fourth iteration. Solution 

of iterations four through eight produced no improvement in the 

objective function value but resulted in elimination of all other 

machinery sets through revised values of the other vectors. The 

optimum solution was defined as the LP solution of the problem with a 

machinery set consisting of the existing power tiller, TH8 and GE.6 

(set number 33). This solution, which was identified at the third 

iteration, yielded a gross margin of P29,380. 

The optimal machinery set may serve as a good starting point 

for solving further problems which differ only in a few parameters 

from the initial problem, such ,is in tile case of parametric analysis. 

Although it may provide a value of -Z + ukb which will eliminate 

many of the sub-optimal machinery sets several further iterations 

will probably be required to locate the optimum solution.
 

CONCLUSIONS
 

Evaluation of alternative mechanization options is one of the 

most important roles of an economist working collaboratively with 

agricultural engineers. The provision of timely and comprehensive 

analyses of the feasibility and ranking of alternative research 

strategies can provide guidance in research resource allocation. One 

of the major areas for this research is the evaluation of machines 

from the farmexr's perspective.
 

Although considerable work has been undertaken in evaluating 

machinery investmcnt within a whole-farm framework, the IP algorithms 



- 14 

and computer hardware required are rarely availai~le in developing 

countries. This prompted us to reformulate the machinei; selection 

problem as a 0-1 IP model with mutually exclusive integer variables. 

A solution procedure was developed which used the more readily 

available LP algorithm and allo,ed elimination of many of the 

potential machinery sets without solving the related LPs.
 

Application of the procedure to a machinery selection problem 

for a typical small, irrigated rice farm in Nueva Ecija, Philippines 

demonstrated its efficiency. As currently formulated problems are 

evaluated by first solving the LP problem using a conventional 

package, then manually eliminating suboptimal machinery sets and 

selecting the one fo- the next trial. However, it would be 

relatively easy to combine these stages in an iterative computer 

algorithm which would facilitate problem solution by using the 

optimal solution for one iteration as the starting point for the 

next. 
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Table . GCmeration of Comettsistsfor Eliminationof Sub-optimalMachinet. gets. 

COIY7SC2IMTS 0F LfT bOO SIDES OF O111QUALITY ($)I -+ u AI 

74 31 20 41 22 31 39 

I. Itaatiag FT - - - -
2, Carabso - U1 - 547 -

. 13 + C13 - 2412 - 251 -

4. 113 4 D93 - 6602 4 130 - " 

S. PTA + C8 -4604 - 1451 
6. 1 86 l -437 8 -CLIO - -29 - " 

7. IPTI8+06 - 3122 - 2049 -

6. FTe+ De4 - s727 - 1638 -

9. TI7 4 Cis -12481 - 6479 - -

10, TIY 4 C 10 -2401 - 7130 ... . 

I. TO? 4 D16 -11030 - 88 4 221 - -

12. Til 4 118 
13. ISO * CIA 

-12436 

-21304 
- 8361 4 1755 
-17171 4 3770 -20602 + 1308 -20660 4 3770 +3770 

14. Till+ CLI0 
15. 18 + C126 

-22070 
-,12 

-178j8 + 4129 
-24791 + 4292 

-2072 
-29092 

+ 4129 
+ 4292 

-
- -

16. n12 + CK3 + 8] -45952 + 490 - - -

17. 1T3 4 DZ6 + 11 -5142 4 213 - - -

18. T17 + 016 4 ?1) 
i9. IV? + CI8 4 PTA 

-18736 
-17146 

- 9023 
- 9399 

- 3499 
- 2733 

-
-

-

" 

20. T17 + cLIO 4 PT6 
21. TI1 + On + n78 
22. 717 + D8 4 PT8 

-18184 
-1851 
-19456 

- 9C69 
-1740 
-11299 

- 1350 
- 2819 
- 2256 

-
- 9836 
-11238 

" 
- 6070 
- 60866 

-
- 9418 

-
-

-

23. re + CII 4 91.6 -59592 - 9020 -70702 - -

24. PTA + C410 + 11.6 -58783 - 9814 -70I449 -

23. no6 # Oft + 81.6 -60965 -12374 .720140 - -

24. 1T8 4 18 4 11.6 -60710 -12181 -7107 + 3621 -

27. Last. PT + 407+ CJ -10046 - 8921 + 2240 
28. Exist.T11+ 7 + CLIO 
21. LIter. 1 T187+ D6 
30. Eis2t.In + T1 + DI 

-19617 
-16196 
-18001 

- 9591 43+ 09 
-12261 4 1210 
-1112 4 17519 

-
-10969 
-12303 

" 
- 4397 
- 4613 

-
-103 
- 8681 

-5 

-
-

31. bhat. 
32. L*1.t. 
33. Exist. 

PT #-1w..11 
T 

+ 
IV7 + C 1Q 

PT + T28 + Ck6 

-26810 -19612 
-28440 -20279 
-291777.1 -27233 

" 

4 3710 
• 4129 

-

-206r,2 
-22043 

- 1714 
4 1415 
-

-220780 -

-22007 + 4129 
" " 

-

34. TA7 + C8O + PTA + 1.6 -7233) -- - -

35. Caob., 4 TVT 4 C A -1341l - 7782 + 1309 -

36. Carob.o + TA7+ G2I -14982 - 8452 4 868 -

31. Caraboe+ T7 + D96 -11963 - 9892 4 279 -
38. Carob- 4 T" + MA 
39. Carabao+ Tw8 + Cie 

-11467 
-22235 

- 0661 
-18474 

4 8 
* 2839 

-. 
-20082 4 2131 -21919 4 2331 -

40. Carb., 41T2 4 CIO -2380 -19149 4 3198 -21524 4 3110 -21648+ 3190 + 4646 
41. Carob.o + TB + Cr26 -31742 -26095 + 3361 -291746 - -

42. Tramplant.r + 3 .Sal - -
43. r &5aoplanir + SalI - 4925 - 1860 -
44. Troa.p.ontor + let 2 - 350 - 266 -
43. Tr+lr 4 1.t 3 - 1891 + 330 -
46. 1Trooplo.t.r + Set 4 - 6021 4 71 - -

47. Trourlate•r + 8.t - 4023 - 878 - -
43. Troapl-antr 4 Set 6 - 3217 - 643 - -
49. TraspIanter + Pet 7 - 5341 - 1468 -

50. T.s.pli.oter + 8.t 8 - 3146 - 1037 -- - -
31. Transplanter + lot 9 -11900 - 359 - -

32. Trampl-nter 4 get 10 -13470 - 6569 -- -
33. TranspLanter 4 Set It -20449 - 8008 • ,- - -

34. Ttoomplater 4 lot 13 
53. Trasplanter + Set 13 
36. Trasplanter + $t 14 

-11835 
-20723 
-27294 

- 7280 + 2336 
-16590 4 4351 
-17237 + 4710 

--

--
-

- -
" 
-

37. Trorepl..ter + Not 15 -30231 -24211 + 4173 - -

38. Tr. mpl..t.r + $t 16 -4272 + 1071 - -

39. Transplanter 4 lot 17 -10377 + 1834 - - -

60. Transplanter + St 18 -18153 - R444 - 2915 - -

61. Trnsplanter 4 got 1 -16963 - 7818 - 1172 -- -

62. Transplanter + Sor 20 
63. Trao.plaotar 4 Set 23 
66. Transplanter + Set 24 
63. Transplanter 4 Set 27 

-17601 
-59011 
-30204 
-17465 

- 8488 
- 8439 
- 9233 
- 8339 

- 777 
-70121 
-69868 
* 2821 

-

-
-

-

" 

-

fi. Tr&O..prntvr + got 28 
67. Troneplanter + Set 29 

-19036 
-16015 

- 9010 + 3180 
-11680 + 1791 

-
-10389 

-
- 4016 

-
- 9432 

61. TrmipIn teor + Ilt 30 
69. Traapla..ter + let 32 

-17420 
-26289 

-11239 4 2340 
-19031 + 4351 

-11772 - 4032 - 8100 
- -

70. Tranoltantar + got 32 
71. Transplonter + W.t 33 

-27859 
-28596 

-19698 
-26652 

+ 4710 
4573 

-
-

-

72. Transplanter 4 3at36 
73. Transplanter 4 lot 37 

-12830 
-l6601 

- 7201 
- 7871 

-
2249 

-
-

-
-

74. Tranoplanter + Set 38 -11322 - 9311 260 - -
70. Tr nspl n er 4 let 34 -127 6 - 9082 1409 - - -
76. Trmo.pl~oter + 3et 40 -21634 -17893 3420 -19502 + 2412 

-0 -1447 -25718 -7090 -111'- -29310 - )30 -20380 -19380 

+'1437 418480 +31672 421490 432584 +1236 +33372 +32284 
light It -;j * ub 0 - .k 
hood 2 4-.34 * uk - -10851 - 7230 - '

'2d. -j +* , -2623 100 4,92 7004420 _13 +- 3;92 6 

or el.inated. 

/ ,6 dlc tea eacbloor, oat es el ct d for Dat ter tio n 
revs. NoOsraintuder oI I rnr'ifdtrc u@in -Z $o.rated by k - 34 and k . 33. for k - 34 -2vie 

if-- dlcate mthe chlo.r,sot " be toeither . nom.rated 

of 
 8 

rnvleed oce. -o ubohluodlmprove.out ou - woe nersted.
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APPENDIX
 

The farm matrix may be represented as:
 

Maximize 

= ~mm Fqk,t Qk,t - I h~f, p Sh,f, p(Al) (AI)~ Z T C X + F Qk~ F Y F sf p hS 
m km 	 hfpkt 


+ F F F tf Tf F W Wr, p + F Y r,p Y
f m p ,,p - r,m,p p r p r,p 

Subject to
 
(A2) -. Fe Lf - f h Sf~ 

m 	 fmp Lfm,p hf,h,p fhp 

+ 	F Za Q : 
k t f,k,p,t k,t 

for all valid f, p
 

(A3) - Ed X + YL + Tfmp 0 
m 	 f,m,p m m ffm~p m 

for all valid f, p
 

(A4) - d X + FLfm + FTf 0 
f f-,m~p in f p ~mp

for all valid m, p
 

(A5) - Br ",p p + Yr,p + f m gr,f,m,p Lfmp 

+ F h Q + B + 1 < bk t r,p,k,t, k t r,p - r,p 

for all valid r, p 

(A6) YX < I 

(A7) X = 0,1 for all mm 
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A2
 

(A8) all S. T W and Y are bounded above and 

(A9) all L, Q, S, Tp W7 Y, B ? 0 

where: 

Z is the total net returnI 

C is the fixed cost of machinery set m for the m 

planning period, 

X is a 0-1 variable for ownership of machinery setm 

in,
 

qk,t is net revenue per hectare from crop k
 

planted at time t,
 

Qk,t is hectares of crop k planted at time t, 

Sfilhp is cost per hour of operation f using hired machinery 

set h in period p, 

Sf,h,p is hours of hired machinery set h using operation f 

in period p, 

tfqm3p is rental income per hour for operation f using 

machinery set m in period p, 

Tf,m,p is hours of renting out for operation f of 

machinery m in period p, 

w ,p is cost per unit of renting in or purchasing 

resource/input r in period p, 

W r, is units of resource/input r rented in or purchased 

in period p, 
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N3
 

Yr,p is revenue per unit from renting out or selling 

resource r in period p, 

Y 
rp 

is units of resource r rented out or sold in 

period p, 

efmip is capacity for field operation f in hectares per 

hour of purchased machinery set m in period p, 

Lfm.p is hours of own farm operation f with machinery set 

m in period p, 

if,h,p is capacity for field operation f in hectares per hour 

of rented machinery set h in period p, 

af,k,p,t is the aumber of passes of operation f required
 

in period p for crop k, planted at time t,
 

df,m,p 	 is the maximum number of hours of operations f provided
 

by machinery set m in period p,
 

Br,p	 is the number of units of resource/input r transfered
 

to period p from previous period,
 

br ,p	 is the number of units of resource/input r available
 

in period p from farmer's endowment,
 

gr f m p is the number of units of resource/input r required
 

per hour of operation f with machinery set m in period
 

P,
 

hrpkt is the number of uni , of resource/input r reqiiired
 

per hectare in period p for crop k planted at time t.
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Figure 2. A Part of Tree of Feasible Machinery Sets.
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