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Although some of the most difficult problems in forest management

occur as a result of timber harvest operations, present methodology in

harvest planning emphasizes guidelines which rely heavily upon the ex-

perience of the individual forest manager for their correct applica

tion. This study was undertaken in an effort to develop a comprehen-

sive methodology to assist forest managers in the design of timber har

vest cutting units and the assignment of logging equipment: to those

units. The objective of the methodology is to maxinize the total value

of the timber harvested from a planning area, net of variable and fixed

harvesting and transportation costs. The methodology thus developed

consists of a two-part procedure.. The first part considers the

specific topographic and timber conditions on the planning area, plus

any harvesting restrictions which may have been imposed on portions of

the area because of expected. environmental problems, This information

is combined with the known mechanics of the logging systems under coo-



sideration to determine the feaibiiity and cost of harvesting each

parcel of timber from the area.

The second part of the methodology consists of a heuristic opti-

mization algorithm which seeks to assign timber parcels to harvesting

facilities so that total timber value, net of fixed and variable har-

vesting and transportation costs, is maximized. The output from this

algorithm is a detailed harvest plan which specifies yarding system

assignments and the physical layout of cutting units for each yarding

system thus assigned.

The optimization problem confronted in this study is an applica-

tion of facilities location theory, but with two unique characteristics

which render the conventional mixed integer prograumling formulation

unsuitable for this problem. First, the planning area is visualized

as being dichotomized into timber parcels of equal size, each of which

is to be assigned to some harvesting facility. Thus, the problem is a

fully discrete one, and can be formulated as a 0-1 integer programming

problem. Second, the problem exhibits a special "cascading fixed

charge" structure. Stated simply, this implies that several levels of

fixed charges must be incurred for any complete facility installation.

Thus, if a specific logging cableway is to be emplaced at a certain

landing, then the fixed charge associated with the construction of the

landing must already have been incurred, and the fixed charge associ-

ated with the installation of some yarding system at the landing must

also have been incurred. Unfortunateiy the 0-1 integer programming

formulation appropriate for this problem requires many thousands of



variables and constraints, even for relatively small planning areas.

To overcome the computational difficulties associated with the solution

of such large integer programming problems, a heuristic algorithm was

developed to find satisfactory, rather than optimal solutions. Applied

to a realistic forest planning problem with 5507 variables and 6555

constraints, the algorithm found an initial feasible solution after

93.3 minutes on a CDC 3300 computer. The run was terminated after a

total of 120 minutes, with the value of the final solution being only

0.09 percent better than that of the initial solution. Although the

exact solution could not be verified, computational experience with

smaller problems suggests that the initial feasible solution obtained

with this algorithm is usually very close to the optimal solution.
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TIMBER HARVEST LAYOUT
BY MATHEMATICAL AND HEURISTIC PROGRAMMING

I. INTRODUCTION

One of the most difficult tasks faced by forest resource managers

is that of planning forest harvesting operations. Transportation sys-

tems must be devised, yarding1 equipment selected, silvicultural treat-

ments prescribed, and cutting units designed; simultaneously, consider-

ation must be given to soil and water protection, slash disposal, site

preparation and reforestation, recreation, wildlife, and aesthetics.

Thus, forest managers are faced with the task of making decisions while

considering multiple objectives that are often in conflict. Under

such conditions, the rigorous examination of even a single proposal is

often so difficult that any systematic evaluation of alternatives is

essentially precluded. Yet a detailed analysis of alternatives is es-

sential if the economic and environmental consequences of proposed

forest operations are to be adequately considered.

According to Jemison and Lowden (1974), environmental restrictions

on forest operations are likely to intensify, at least in the short

run. The voices of conservation groups, the public at large, forestry-

related professionals such as wildlife and recreation specialists, land-

scape architects, and even professional foresters have been raised more

loudly and more often in recent years over the impact of forest opera-

1A glossary has been included in the Appendix for the convenience of
readers not familiar with timber harvesting terminology.



dons on non-timber resource values. These concerns have come at a

time when the demand for wood products is at an all-time high and the

supply base is shrinking due to withdrawal of commercial forest land

for non-timber uses (Bolsinger, 1973; Darr and Fight, 1974). Recent

projections suggest that the dual trends of a shrinking supply base

(Forest Service, 1969; Beuter, Johnson, and Scheurman, 1976) and ex-

panding demand (Marcin, 1974) will continue through at least the next

two decades. Coupled with more restrictive environmental regulations

on forest operations, the net result of these trends will be log ex-

traction costs that increase both in absolute value and as a percentage

of total timber production costs. Certainly, the challenge of moving

timber from the stump to the mill at reasonable cost will require

innovation, both in logging technology and in planning.

Obj ective

The purpose of this study is to develop and demonstrate a method-

ology to assist forest managers in planning timber harvesting opera-

tions. The intent of this methodology is to answer the following ques-

tions, given a specific forest planning area:

How should individual cutting units be designed?

What specific logging equipment should be assigned to each

cutting unit?

In posing these questions, the forest manager's objective is assumed to

be the maximization of total net revenue resulting from the harvest of

timber on the planning area.



Scope

The primary focus of this research is on forest harvesting opera-

tions; related considerations, such as transportation systems and sil-

viculture, are treated only in a limited way. The intent of the re-

search has been to incorporate existing knowledge related to harvesting

production rates, feasibility, costs, and environmental impacts into a

comprehensive planning methodology. No effort has been made to derive

new measures or standards, nor have proxy numbers been used to impute

the "cost" or "value" of non-timber resources as is sometimes done in

cost/benefit studies (Rickard, Hughes, and Newport, 1967; Grayson,

1972). As the research was constrained by a finite time horizon and

limited budget, certain assumptions.had to be made about the system

under consideration in order to assure the feasibility of modeling that

system. These assumptions include the following:

Actions taken on the planning area do not influence, and are

not influenced by, the management of surrounding forest areas.

The location of roads and potential landing sites within the

area to be harvested is fixed and exogenous.

The single silvicultural treatment to be employed on the plan-

ning area is that of clearcut regeneration harvesting.

Only cable yarding systems are to be used.

Environmental restrictions on the planning area are met or ex-

ceeded by the proper application of cable yarding systems.

The timber within each type island is homogeneous and uni-

formly distributed over the area of the type island.



The timber on the harvest area remains in a static condition

for the duration of the planning horizon.

The order in which cutting units will be harvested is either

exogenous, or is of no interest.

In the remainder of this section, these eight assumptions are dis-

cussed briefly to illustrate the motivation for specifying them. Where

appropriate, the limitations imposed upon the study by the assumptions

are also indicated.

Independence of the Planning Area

The planning area is assumed to be framed by a continuous boundary

such that the area outside of the boundary has no influence upon, and

is not influenced by, cutting unit design and logging system assign-

ment within the planning area. If reasonable care is taken in defining

the planning area, this assumption can often be met over much of the

area. Usually it requires that the planning area be composed of one

or more contiguous drainages so that the boundary Is drawn along ridge-

tops.

Transportation System

The location of roads and potential landing sites within the area

to be harvested is assumed to be fixed and exogenous (i.e. decisions

related to the location, design, and construction of roads and landings

are not treated explicitly in the model, although the methodology does

treat the actual selection of landings to be occupied from among exogen-
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ously specified alternatives>. In reality, the design of a transporta-

tion system for timber extraction interacts strongly with cutting unit

design and logging equipment selection. In mountainous terrain, how-

ever, only a few feasible alternatives for access road location common-

ly exist. In addition, several well-developed models are available to

forest managers for planning forest transportation systems. Carter,

Gardner, and Brown (1973) have developed a nonlinear programming model

that computes the optimum economic spacing of forest roads. Peters

(1975) has developed analytical procedures for computing optimum road

and landing spacing which are essentially extensions of earlier work by

Matthews (1942) and Lussier (1961). Kirby (1973) and Mandt (1973) have

also presented transportation planning models for low-volume forest

roads, the former using integer programming and the latter using net-

work analysis.

Silvicultural Method

Only clearcut silviculture is considered in this model. Explicit

treatment of silvicultural alternatives would have made the development

of an operating model, within the time limits of this study, impossible.

The decision to employ a shelterwood system, for example, has implica-

tions for an entire array of entries over time as opposed to the single

entry dictated by clearcutting. This would necessitate consideration

of changes in price structure over time, mortality and growth, and

discounting of future costs and revenues incurred through the time of

the final overstory removal. In addition, partial cutting influences



reforestation practices and costs, fire control and slash disposal,

wildlife, soil and water, and aesthetic considerations. Admittedly,

these considerations cannot be removed from the forest manager's sphere

of responsibility. The present study has excluded them only in the

interest of placing reasonable limits on the research to be done. And

in a practical sense this is not an unreasonable limitation. On many

private forest holdings clearcut silviculture is practiced exclusively,

and even on the public forests of the Douglas-fir region2 it remains

the dominant silvicultural method, in terms of annual timber volume

harvested3.

Cable Yarding Systems

The yarding systems considered in this study are limited to four

cable systems commonly used for harvesting old-growth timber indigenous

to the Douglas-fir region. These are the following:

Highlead

Gravity-return (flyer) live skyline without haulback

Live skyline with haulback

Running skyline

3The Douglas-fir region is commonly referred to as that portion of
Washington and Oregon west of the Cascade divide plus a small portion
of Northern California.

Forest Service, USDA. Timber harvesting and the environment on the
National Forests of the Pacific Northwest Region. Portland, USDA

Forest Service Region 6 (informational brochure, no date). 7 p.



These yarding systems are illustrated schematically in Figures 1 - 4.

They were selected for analysis because, in the aggregate, they

presently account for a majority of the timber volume harvested in the

Douglas-fir region (Studier and Binkley, 1974). Furthermore, their

mechanical characteristics are sufficiently similar that valid economic

comparisons among them can easily be drawn.

Three additional yarding systems which would conceptually fit

into the scope of this study are tractor, balloon, and helicopter sys-

tems. All have had significant application in the Douglas-fir region.

Tractor systems, however, are generally limited to relatively gentle

slopes with stable soils. As the methodology presented here has been

developed specifically for steep, environmentally sensitive areas,

tractor systems have therefore been excluded.

In contrast with tractor systems, balloon and helicopter systems

can be substituted for cable systems on virtually any kind of terrain

(Peters, 1973; Burke, 1973). Balloon systems have been excluded from

this study primarily on the basis that few such systems are currently

in use. Peters (1973) reported recently that fewer than a half-dozen

balloon logging systems were operating in North America, three of

those in the Douglas-fir region. Thus, although balloon systems can

conceivably be substituted for cable systems, the likelihood of act-

ually having the system available is limited.

Helicopter logging systems are, in spite of their relatively

recent introduction, fairly common in the Douglas-fir region. While

helicopters are perhaps more versatile than any other logging system,
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their actual application remains highly subjective, requiring a sig-

nificant and coordinated planning effort (McGonagill, 1973; Stevens and

Clarke, 1974). Furthermore, although guidelines for the application

of helicopters in logging have been devised (Gorsh, 1974), they have

not been rigorously validated and cannot therefore be generally ap-

plied, particularly in a framework that seeks to compare alternative

harvesting treatments for a single planning area. Finally, economic

studies involving helicopter systems (Dykstra, 1975) have been limited

to a very narrow range of conditions, and extrapolation beyond those

limits would be difficult to justify.

Environmental Impacts

Environmental restrictions on the planning area are assumed to be

met or exceeded by the proper application of cable yarding systems.

This assumption has two implications for the present study: first, that

"proper application" be defined explicitly, and second, that the ineth-

odology be sufficiently general in nature to permit the specification

of this proper application for any given forest planning area. Further

discussion of these two points is deferred until Chapter II.

Homogeneity of Timber

Timber within designated type islands on a vegetative type map of

the planning area is assumed to be homogeneous with some known distri-

bution of log volume, and felled logs are assumed to be equilaterally

distributed over the type islands. Although this assumption may seem
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to be restrictive, it is actually a relaxation of the assumption which

is conunonly made in forest planning: that timber volume on a planning

area is homogeneous and equilaterally distributed over the entire plan-

ning area. Furthermore, the methodology presented in this dissertation

has been developed so that the size of an individual type island can

be quite small. In essence, therefore, the assumption stated above only

has to be observed at the limit. As a practical matter, however, timber

inventory data are usually insufficient to permit type delineations

less than several acres in size.

Static Model

The analysis of a given planning area by means of the methodology

developed in this study assumes that the timber on the harvest area re-

mains in a static condition for the duration of the planning horizon.

Admittedly, forests are not static, and, except for small planning

areas, a significant period of time will normally elapse before an en-

tire planning area has been harvested. The assumption was made for

this study in order to assure computational feasibility for the prob-

lem addressed. For old-growth forests, major changes in forest struc-

ture are not likely to occur even during long time periods; thus the

assumption may not be entirely unreasonable. For young timber, how-

ever, it would not be wise to make this assumption without a thorough

investigation of the sensitivity of the model to changes in price

structure over time, mortality and growth, and discounting of future

costs and revenues.



Order of Harvesting

In the context of this study, the order in which cutting units

will be harvested is assumed to either be exogenous, or of no interest.

For a static forest it is obvious that the order of cutting will not

bear upon the decisions of interest (i.e. cutting unit design and log-

ging equipment assignment). For young, vigorous forests the argument

is not so straightforward, but recent work by Lembersky (1976) has

shown that the timber which is appreciating in value at the slowest

rate should always be harvested first. Thus, if a non-static forest

condition is to be assumed this criterion can be applied to treat the

interaction between cutting unit design and the order of harvesting.

Synthesis

The assumptions and limitations discussed in this section have

important implications with respect to the specific problem which is

being solved. It is assumed that the decision has already been made

to clearcut an entire planning area, using one or more of the four

types of cable systems considered in this analysis. The total elapsed

time of harvesting must be short enough that the static model assump-

tion is reasonable. To apply the methodology, certain detailed in-

formation must be available, as follows:

The topography of the planning area must be known accurately.

The location and estimated construction costs for all roads

and landing sites must be known (some of these may not actually

14
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have to be constructed, depending upon the final harvest plan

for the area).

The location and extent of each timber type on the area must

be known, and quantitative data describing the timber in each

of those types must be available.

Areas which are subject to harvesting restrictions (because of

expected environmental problems) must be delineated, and the

type of restriction specified.

Detailed information must be available for each of the yarding

systems which is to be considered. This includes fixed and

operating costs, the effect of terrain and other factors on

productivity, and data indicating the limitations and capabil-

ities of the yarding system.

The location of all cableways to be considered in the analy-

sis must be specified.

Much of this information is presently available to the forest manager,

although the environmental restrictions (point 4) are usually given

only indirect consideration. In addition, cableway locations (point 6)

are almost always left to the discretion of the logging manager. This

paper will demonstrate, however, that cableway location has immense

significance in harvest planning and should therefore be given explicit

consideration during the planning process.

The above discussion should answer the questions: That decisions

have already been made? What kinds of data are required? An equally

important question from the point of view of the forest manager is:
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What do I get for my efforts? The methodology presented here provides

a detailed harvest plan which includes the following:

An estimate of total timber value, net of fixed and variable

harvesting and transportation costs, which would result if the

"optimal" harvest plan were applied.

Accurate estimates of cable logging feasibility and costs,

established by explicit consideration of environmental re-

strictions, timber type, and topography.

The "optimal" assignment of specific yarding equipment to

landings.

The physical layout of cutting units for each of the yarding

systems thus assigned, including the specification of individ-

ual cableways to be emplaced and the area to be yarded to

each landing.

Detailed information about each cableway, including:

estimated emplacement cost;

estimated yarding costs along the cableway;

estimated timber value, net of variable harvesting and

transportation costs, for all timber which could be har-

vested over the cableway;

an effective load profile for the cableway, which indicates

the estimated maximum load capability of the yarding sys-

tem at increments along the cableway;

a ground surface profile along the cableway;

the minimum height of the tailtree which would be required



in order to permit yarding over the cableway.

Study Procedure

To accomplish the objectives of this study within the scope out-

lined above, the following tasks were undertaken:

The specific problem to be solved was defined.

A systematic procedure was developed for evaluating the feas-

ibility, and estimating the cost, of applying each of the

four cable systems (highlead, flyer, live skyline, and running

skyline) to a specific forest area.

A mathematical programming solution structure was formulated

and tested.

A heuristic algorithm to find "satisfactory" solutions at a

much lower computational cost than that required to find an

optimal solution was developed and tested.

The resulting methodology, which consists of the procedure in

(2) and the heuristic algorithm in (4), was applied to an

actual forest planning area.

17



II. PROBLEM DEFINITION

Planning Forest Harvesting Operations

Present methodology in forest harvest planning emphasizes guide-

lines, which are essentially rules of thumb, for the design of cutting

units (Binkley and Lysons, 1968; Forest Service, 1973 and 1974a), and

for the assignment of logging equipment to those units (Studier and

Binkley, 1974). These guidelines rely heavily upon the experience of

the individual forest manager for their correct application. They are

in no sense optimization tools. Furthermore, since topographic con-

siderations are complex, and differences between available yarding

systems are often difficult to assess, a comprehensive analysis of al-

ternative cutting unit designs and logging equipment assignments is

usually neglected.

Several important exceptions to this rule are worthy of note. As

early as three decades ago, Matthews (1942) had developed numerous

analytical procedures for timber harvest layout. These procedures

used the calculus of one and two variables to determine optimum yard-

ing distance and landing spacing for logging equipment operating in

flat or uniformly sloping terrain. More recently, Lussier (1961) re-

vised some of Matthews' work and showed how it could be applied more

effectively by recognizing that forest operating areas differ markedly

in those characteristics which influence logging production rates and

costs. In addition, Lussier was probably responsible for the earliest

applications of industrial engineering to timber harvest operations,

with published applications ranging from linear programming and simula-

18
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tion to machinery replacement analysis and quality control (1960, 1961).

His work in cutting unit layout, however, was oriented strongly toward

the flat or uniformly sloping terrain characteristic of eastern Canada.

Peters (1975) has recently completed a rigorous development, again by

the use of calculus, which extends and generalizes the results of

Matthews and Lussier. His work, however, like that of his predecessors,

assumes at the outset that the basic shape of a cutting unit is to be

a rectangle. This assumption is based upon the observation that owner-

ship boundaries are normally rectangular, and that cttting boundaries

often must conform to this pattern. In many areas this assumption is

certainly valid. In the Douglas-fir region, however, many industrial

and public forest ownerships are large enough that this consideration

can be essentially ignored. Thus, procedures to determine optimum

economic cutting unit shape, as Opposed to boundary dimensions, are of

interest. The study reported in this dissertation appears to be the

first attempt to develop such procedures.

Operations Research Approaches to Optimal Harvest Planning

Because of the inherent complexity of forest operations, efforts

have been made almost since the advent of mathematical programming to

apply these techniques to forestry problems. Lussier (1960) reported

that mathematical progranuning techniques had been used to improve timber

harvesting operations in Canada as early as 1955. Many applications

were published during the early 1960's, and by 1973 a bibliography of

operations research applications in forestry (Martin and Sendak, 1973)
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required 90 pages. In spite of this wide array of applications, the

following discussion will show that none of the timber harvesting models

published to date has treated topographic influences in sufficient de-

tail for the kind of investigation undertaken here, and none has con-

sidered the design of individual cutting units.

Newnham (1970) has developed several detailed models for studying

the tree-by-tree extraction process in an effort to develop improved

harvesting machinery. His models were designed specifically for the

flat pulpwood stands typical of eastern Canada and thus do not consid-

er topography. As Newuham's technique was developed to study individ-

ual tree processing by vehicles which are capable of moving from tree

to tree through standing timber, an important requirement is a de-

tailed inventory which includes the location and size of each tree in

the stand. Much of Newnham's early work was involved with the gener-

ation of artificial populations of trees by computer for the purpose

of simulating such inventories (cf. Newnham, 1968). His later work,

however, incorporates actual stand data. This requires an inventory

on a scale which is many times more detailed than that available for

any known commercial forest. For Newnham's application, of course,

this consideration is not important; but it would be of critical im-

portance in the development of a model for planning harvest operations

on actual forest sites.

Work by Woodland (1968), also in eastern Canada, contrasts with

that of Newnham in that Woodland's model applies harvesting production

rates over a specified volume of timber and thus does not simulate

tree-by-tree processing. Rather than focusing on the conceptualization
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of improved machine design, Woodland attempts to improve equipment se-

lection and scheduling for an industrial forestry operation. His model

can be used to simulate the harvesting of a specific tract of timber

by varying the harvesting production rate as appropriate to consider

the effects of terrain and other variables. A disadvantage of his

formulation, however, is that these production rates are essentially

exogenous.

A computer simulation model which also treats production rates as

exogenous is that of Hool et al. (1972). This model was designed to

investigate the effect of system changes on production rates and com-

ponent balance. This model, developed to simulate a harvesting opera-

tion for which empirical production rates were obtained by a time

study, appears to have been useful for predicting the response of the

harvesting system to changes in its components. By manipulating the

components (and thus the production rate) exogenously, the authors

were able to simulate an improved system with near-perfect component

balance, whereas the original system was severely unbalanced. Al-

though this result was not validated, it does illustrate the fact that

simulations can be designed to converge toward an improved solution.

This model has several shortcomings with respect to the present study,

however: first, production rates are exogenous, which means that ter-

rain and timber conditions are assumed to be constant over the harvest-

ing area; second, it is not of sufficiently general design to permit

the investigation of alternative logging systems which are not intrin-

sically ground-based; and finally, it includes no consideration of

cutting unit design.
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A more generalized timber harvesting simulator which appears to

have been based largely upon the model developed by Hool et al. has

been described by Webster (1973). Although more general than any of

the models previously described, it is not capable of simulating sys-

tems which are inherently different than conventional ground skidding

systems; cable systems, for example, are beyond its capabilities.

Furthermore, it does not consider the design of individual cutting

units.

Johnson, Gochenour, and Biller (1972) have reported the develop-

ment of a model which is similar to the one described above in that it

also simulates harvesting by means of ground skidding systems. Of

some significance, however, is the fact that this model was validated

by coordinating the simulation with time studies of actual operations.

This represents an important advance beyond the studies described

above. The model retains essentially the same fundamental character-

istics, and the same drawbacks with respect to the present study, as

those described previously, however.

A somewhat different approach to simulating an actual harvesting

operation has been taken by Boyd and Lambert (1969). This model is a

deterministic simulation of a grapple-rigged running skyline system

and thus represents the first cable yarding application reviewed here.

Its objective is to develop logging cost data for representative

yarding distances so that the optimum, yarding distance can be located

by inspection. Although implemented as a simulation model, it could

alternatively have been solved by means of a nonlinear programming
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algorithm which would yield the minimum logging cost directly. Whether

or not this alternate formulation would be computationally more or less

efficient than the simulation would of course have to be established

empirically. Application of the model is limited with respect to the

present study by the fact that it assumes that cutting unit boundaries

are basically rectangular. Furthermore, the yarding production function

used is a fourth-order linear polynomial based on yarding distance;

applied strictly to the limits within which it was established this

should pose no problem, but any extrapolation beyond those limits is

likely to give unrealistic results. Finally, the model makes no con-

sideration of topography, even thoughthe yarding system under con-

sideration was designed specifically for mountainous terrain.

A more flexible cable yarding simulation has been developed by

Sinner (1973). This stochastic model was formulated specifically to

incorporate timber and terrain conditions for the study of thinning

operations in young growth Douglas-fir. It was validated extensively,

and has been used in tests designed to measure the expected efficien-

cies of alternative work methods in skyline yarding. However, it sim-

ulates the actual yarding of a specific stand of timber for which

yarding distances and other data are specified exogenously, and as

such does not directly address the geometry of the area under consid-

eration. Sinner's model is, however, probably the most complete

simulation of a specific timber harvesting system which has appeared

in the literature.

Gibson and Egging (1973) have described a mathematical model

which is formulated to optimally select landings for rubber-tired
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skidder operations from among several alternative landing locations.

Topography is considered explicitly, although in much the same sense

as in Sinner's model rather than in the strict geometric sense (again,

topographic influence is incorporated by means of the production func-

tion). The Gibson-Egging model, however, does permit the consideration

of topographic constraints such as streams or other obstacles, and

thus treats the geometry of yarding somewhat more generally than any

of the other timber harvesting models reviewed. The heart of its op-

timization methodology is an algorithm which combines dynamic program-

ming with a branch-and-bound technique in order to avoid complete

enumeration of all possible solutions. Of the models reviewed here,

the Gibson-Egging model comes perhaps closest to solving the type of

problem addressed in this dissertation. It does, for example, treat

the selection- of actual landing sites to be occupied from among exogen-

ously specified alternatives. Although it was not designed to select

from among alternative yarding systems, the model appears flexible

enough that it could be reformulated to do so. Its major disadvantages,

however, are the following: first, it completely disregards the phys-

ical representation of the cutting units themselves (unit centroids

are used); and second, the optimization methodology used is almost cer-

tainly restricted to very small problems. A detailed discussion of

this latter point will be deferred until Chapter IV.

All of the models discussed above might be classified as "explicit

timber harvesting models". That is, they are concerned directly with

the harvesting operations themselves. Two other categories of operations

research models which consider timber harvesting in a more vague frame
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of reference might be called "forest planning models" and "policy form-

ulation models". Both categories are considered briefly in the interest

of demonstrating why neither type of model is appropriate to the pres-

ent study.

Forest Planning Models

These models are designed to provide information to forest managers

regarding the expecting outcome of specific harvesting actions, but usu-

ally do not treat harvesting operations explicitly. Usually the unit

of interest is a "stand" or "working circle". Models which fall into

this category include those of Aulerich (1971, 1973), Clutter and

Bamping (1965), Gibson, Orr, and Paine (1970), Leaf and Brink (1975),

Lembersky and Johnson (1975), and Meyers (1973). Of these, only the

Gibson-Orr-Paine model is deterministic. All six models are explicitly

implemented over time, and all six consider growth, mortality, regen-

eration, and a range of silvicultural treatments. All but the Leaf-

Brink model, which is concerned with water yields, peak flows, erosion,

and sediment yields, are economic models. Except for Aulerich's model,

all of them treat harvesting indirectly. Aulerich does permit the con-

sideration of several different logging systems and treats the effect

of topography on logging costs. His model is worthy of special mention

in that it attempts to measure the desirability of logging a stand of

timber at any point in time by considering two opposing points of view:

that of the forester (who wants to maximize net growth over mortality)

and that of the logger (who wants to maximize the net value of stumpage
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over logging costs). The netting of indices which measure these two

points of view produces a final measure of overall utility from the

point of view of the firm. Although the model as developed does not

optimize this utility over time, it could be extended to do so.

Clutter and Bamping also claim a model structure conducive to optimi-

zation, but whether or not this claim can be supported is not evident

from their publication. The Gibson-Orr-Paine model does appear to

be structured so that it could be optimized as a nonlinear programming

problem, probably with some computational improvement over the present

formulation. The study by Lenibersky and Johnson is a probabilistic

optimization in which management actions to be taken at any point in

time can be determined from the observed condition of the stand at

that time. The Leaf-Brink model and Myers' model, however, were in-

tended for experimental investigations and hence provide no motiva-

tion for optimization.

It is evident in the discussion above that each of the models in

the "forest planning" category attempts to answer the questions:

Should I log at all? When should I log? What kind of silvicultural

treatment should I use? None of the models is concerned with the

design of cutting units or the assignment of logging equipment.

Policy Formulation Models

These models tend to resemble forest planning models but are de-

veloped for slightly different purposes and are thus implemented dif-

ferently. Models which might properly fit into this category include
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those of Atkinson et al. (1974), Beuter, Johnson, and Scheurman (1976),

Gould and O'Regan (1965), Navon (1971), and Sassaman, Holt, and

Bergsvik (1972). Like forest planning models, these simulations are

all designed to test management strategies over time. In general, how-

ever, they are more ambitious than forest planning models (the Beuter-

Johnson-Scheurman model, for example, considers the entire State of

Oregon), and are intended to provide information for policy makers at

high levels (such as the Governor of a State or the Chief of the

Forest Service). Only the model described by Atkinson et al. explicitly

treats individual harvesting operations, and the treatment in that

model does not retain the identity of individual cutting units through-

out the simulation. In general, policy formulation models are concerned

with the dynamic structure of a forest over time and the flow of re-

sources from the forest as a result of policies imposed upon it.

Synthesis

This section has presented a discussion of operations research

applications to the planning of forest harvesting operations. While

none of those applications has addressed the specific problem which is

considered in the present study, it should be evident that a consider-

able range of analytical tools is represented in the timber harvesting

literature. Most studies which have been specifically concerned with

detailed harvesting operations have employed computer simulations,

apparently because of the flexibility and ease of representation which

is inherent in that technique. Simulations can be either stochastic

or deterministic, and changes in model structure are relatively easy
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to incorporate, so that hypothetical experiments can be conducted if

desired. For detailed investigations of specific yarding systems,

computer simulation therefore seems to be the most promising analytical

tool presently available.

The study addressed in this dissertation, however, concerns the

evaluation of existing systems, rather than the design of systems. It

is therefore most closely related to the work of Matthews (1942),

Lussier (1960, 1961), Peters (1975), and Gibson and Egging (1973). Of

these, only the formulation by Gibson and Egging, which is a mathemati-

cal programming model, approaches the degree of flexibility required to

investigate the design of cutting units and the assignment of logging

equipment to those units. A detailed description of the model struc-

ture which is used in the present study to solve this problem is de-

ferred until Chapter IV.

Environmental Considerations

As noted in the discussion of the scope of the study (Chapter I),

one intent of this research is to develop some means by which environ-

mental restrictions can be explicitly incorporated into the planning

methodology. This section discusses briefly the nature of environmental

impacts related to timber harvesting and indicates, the methods by which

restrictions on harvesting operations as a result of such impacts have

been considered in this study.



Soil Values and Water Quality

Forest harvesting operations influence soil values in several ways,

including surface disturbance, compaction, reduction of mechanical soil

strength, and alteration of nutrient balance. The first three of

these impacts tend to increase the probability of surface erosion and

mass movement, both of which result in loss of the soil resource and

degradation of water quality. Of the three, soil compaction has been

shown to be relatively insignificant for most applications of cable

systems, including highlead and skyline yarding (Dyrness, 1965 and

1967; Froehlich, 1974). Similarly, the reduction of mechanical soil

strength results almost entirely from the removal of vegetation from

a forest site (Swanston, 1974); the same is true of nutrient loss

(Brown, 1973). The effects of compaction, reduction of mechanical soil

strength, and nutrient loss are therefore disregarded in the present

study as no significant difference in impact would be expected between

clearcutting treatments with alternate cable logging systems.

The case with respect to surface disturbance is not so straight-

forward. Although research by Ruth (1967) and Dyrness (1965, 1967) sug-

gests that the surface disturbance which results from yarding is not

significantly different for highlead and skyline systems in any given

application, it is not difficult to find situations for which special

considerations must be taken into account. Different cable systems,

for example, exhibit radically different capabilities for suspending

heavy loads. In some instances, this capability may be of considerable

importance in preventing degradation of the stream channel and can thus

29
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exert a major influence on water quality (Brown, 1973). For the pur-

pose of this study, therefore, the planning methodology has been de

vised to avoid specific streamside "hazard zones" as outlined by the

forest manager or soils specialist. Two categories of such zones are

included: for minor streams or other less sensitive areas, the model

requires that partial suspension of logs be observed as a minimum;

for major streams or designated areas of especially fragile soils, full

suspension of logs is required. On all undesignated portions of the

planning area, cable systems are permitted which are not capable of

suspending logs. An important consideration for implementing such cap-

abilities in a planning methodology is the fact that the model has to

be able to recognize not only the hazard zones themselves, but also

the size of timber which has to be partially or fully suspended. Thus,

a yarding system which is capable of fully suspending logs in one tim-

ber type may not be capable of even partial suspension in a different

timber type.

Water Temperature and Stream Debris

Although water quality is inextricably bound to the soil, it may

also be affected by treatments which influence water temperature (Brown

and Krygier, 1970), and by variation in the quantity, type, and distri-

bution of organic residues in streams (Froehlich, 1973; Ponce and Brown,

1974). Neither of these considerations is directly applicable to the

present study, as they tend to be invariant for cable logging systems.

Their relative costs, though, are highly dependent upon the economics
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and capabilities of the individual logging system. As an example,

stream temperatures and debris can often be controlled by leaving a

buffer strip of shade trees or other vegetation along streams5 (Brazier

and Brown, 1973; Froehlich, 1973). Cable logging costs are usually

increased in the vicinity of such buffer strips because of the diff i-

culty of threading yarding cables through standing timber and the

extra care which is required to extract debris or logs from the buffer

strip. Any planning model designed to incorporate the use of buffer

strips (or other no-cut areas) should therefore be capable of incre-

menting yarding costs in the vicinity of such strips.

Non-Timber Resources

Emphasis in forest management, particularly on the public forests,

has shifted in recent years from one of dominant use (oriented toward

timber production) to one of multiple use. This means that non-timber

resources, such as fisheries, wildlife, recreation, and aesthetic qual-

ity are all classified as resources to be managed. Thus, the forest

manager must be concerned with the effect of harvest planning on these

non-timber resources. A major difficulty with the consideration of non-

timber resources is the fact that they are not usually bought and sold

51n some cases, buffer strips are required by law (State of Oregon,
1973). Although the model developed in this study does not attempt
their design, it does permit the forest manager to specify the design
and location of buffer strips exogenously.
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like timber, so that their value is difficult to quantify. Efforts to

treat such resources quantitatively have had varying degrees of success.

As an example, Sadler (1970) attempted to measure the value of a buffer

strip of merchantable timber against the value of the commercial and

sport fishing resource which he believed would be lost or impaired if

the buffer strip were removed. To do so, he assumed that a commercial

fish was worth its dockside price, and that a sport fish was worth the

expected amount of money which would be spent annually by an average

sport fisherman to catch one such fish. Interestingly, Sadler's analy-

sis suggests that a Coho salmon is worth 16 times more if caught by a

sport fisherman than if caught by a commercial fisherman.

Many attempts have been made to quantify landscape quality.

Rickard, Hughes, and Newport (1967) proposed the use of "shadow prices"

to impute the value of aesthetic quality from the cost of the additional

management activities which must be undertaken or the revenues which

must be foregone in order to obtain some desired level of aesthetic

quality. Randall (1974) suggested that "bidding games" be devised to

determine how much people "would be willing to pay" for an aesthetic ex-

perience. Shafer, Hamilton, and Schmidt (1969) used correlation and

factor analysis to identify landscape qualities which forest visitors

appeared to value highly. These qualities were then used as inde-

pendent variables from which multiple regressions were derived for use

in predicting the aesthetic quality of landscape views. Even after

such relationships have been established, however, their application

in forest management is limited because of the almost infinite corn-
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bination of factors which influence the visual quality of a forest

scene. Many of these factors are dynamic, varying with the time of

day or season of the year. Almost all are dependent upon the position

of the observer or his distance from the object being viewed. Because

of this, recent efforts by the Forest Service to incorporate landscape

management principles into routine timber management activities (Forest

Service, 1973, 1974a, 1974b) have completely discarded all such quan-

titative models in favor of detailed guidelines intended for use by

trained landscape architects. Similarly, in attempting to integrate

fisheries, wildlife, recreation, and other non-timber resources more

fully into resource management activities, the Forest Service and

other public agencies have tended recently to encourage the use of

trained specialists rather than quantitative models. This makes sense

from the viewpoint of industrial engineering, which has long advocated

an interdisciplinary approach to planning.

The purpose of this sectjon has been to recognize the fact that

forest management has come to mean not timber management but rather the

integrated management of both timber and non-timber forest resources.

With the exception of special considerations which are given to soil

and water impacts related to timber harvesting (discussed in the previ-

ous section), non-timber resources are not explicitly considered in the

planning methodology deve1oped for this study. This does not imply

that they are unimportant, or that the result of an application of the

methodology described in the remainder of this dissertation would be

complete without the additional consideration of those resource values.
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The model formulated for this study, like all models, is an abstraction

from reality. It may give optimum answers to the problem that has been

formulated, but it should be evident from the discussion in this sec-

tion that this formulation, by necessity, is an idealized one.

Planning Area Geometry

In order to develop a generalized planning methodology capable of

treating a wide range of topographic and vegetative conditions, one

must be concerned with the means by which such conditions can bede-

scribed digitally. for rapid computer analysis. Two primary methods of

digital mapping are in common use (Amidon, 1974): mapping by fixed

grid, and mapping by polygon. In the fixed grid method, data are

stored in a matrix which is constructed so that each element of the

matrix represents a fixed (usually square) parcel of land. The loca-

tion of an individual parcel relative to other parcels is known by its

position in the matrix. Thus, the fixed grid method is a direct ana-

log of the coordinate grid systems commonly used in cartography. In

the polygon method, each attribute of interest (such as a contour line,

stream, or vegetative type boundary) is represented by a vector of x-y

coordinates. Each pair of coordinates represents some specific point

on the line being considered. The line segment joining any two sets

of coordinates is thus a linear approximation to the location of the

attribute itself between those two points. Maps reproduced from such

vectors, therefore, are visually quite similar to conventional plani-

metric or contour maps. Figure 5 illustrates polygon and fixed grid
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map representations for a hypothetical planinietric map of several vege-

tative types. Although the polygon approximation in this illustration

is clearly superior to the fixed grid, actual superiority in any given

application is a function of the grid size which is used versus the

frequency with which points are digitized on the polygon.

The fixed grid and polygon methods each have their advocates,

often because of advantages or disadvantages inherent to some specific

application. The primary disadvantage of the fixed grid method is

that its storage requirements may be immense. To store. two elements of

data (say, vegetative type and elevation above mean sea level) for one-

acre parcels on a 5,000-acre planning area, for example, 10,000 storage

locations would be required. Furthermore, storage requirements with

the fixed grid method vary with the square of the grid length (i.e. the

length of one side of the parcel). As an example, the grid length for

a one-acre parcel is approximately 208.71 feet. If this were reduced

by one-half, to 104.35 feet, then each parcel would. represent an area

of approximately one-quarter of an acre. Thus, to store two elements of

data for each quarter-acre parcel on the 5,000-acre planning area, stor-

age requirements would be increased fourfold, to 40,000 locations.

For a comparable area, storage requirements with the polygon method

are usually much less than with the fixed grid method (Mees, 1974),

particularly when the feature to be represented is large, as is often

the case in type mapping. This is because an individual type island

can be described completely by its perimeter; the interior is carried

implicitly. Unlike the fixed grid method, therefore, the polygon method
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can accommodate requirements for different amounts of information over

different portions of a map. Whether or not this facility is useful

depends upon the specific application of the mapping system.

For the present study, three attributes are considered: elevation,

vegetative type, and physical features such as roads, streams, buffer

strips, and areas of especially fragile soils. The application of the

digital map is to determine these three attributes for any specified

point within the planning area. Other research has shown (Travis, et

al., 1975), that in such applications, the fixed grid method is gener-

ally superior to the polygon method. This is because all that is re-

quired with the fixed grid method is the ability to "look up" the values

in the matrix (plus, perhaps, interpolation between the centroids of

several adjacent parcels to improve the estimate of elevation). With

the polygon method, on the other hand, considerable software may be

necessare to determine the attributes of interest which describe the

point. Determination of ground elevation is especially cumbersome,

since it requires first that the appropriate contour lines be isolated,

and then that interpolation between those lines, often in several di-

rections, be undertaken. This can require a significant amount of com-

putation time. In the forest harvesting problem, for which large areas

are likely to be of interest, this consideration could be of critical

importance. Therefore, the fixed grid method was selected for this

study, rather than the polygon method. To minimize storage problems,

random access data files have been used. Such files allow an individ-

ual matrix location to be addressed directly, so that the computation
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time associated with looking up attribute values is minimized. A pref-

erable alternative would be to store the entire matrix within the com-

puter memory; even small problems, however, would exceed the capacity

of most computers unless an unrealistically large grid length were used.

Summary

This chapter has discussed factors which were considered during

the problem definition phase of the study. Hopefully, the wide range

of topics has demonstrated the breadth of coverage that was necessary

in order to develop an appropriate approach to solving the harvest

planning problem as outlined in Chapter I. Summarizing the development

in both Chapters I and II, the problem may be re-stated as follows:

Develop a comprehensive methodology to assist the forest manager

in planning timber harvesting operations for any forest planning area.

Specifically, this methodology should assist with the design of cutting

units and the assignment of cable logging equipment to those units so

that the total value of the timber harvested from the area, net of

variable and fixed harvesting and transportation costs, is maximized.

This will require the development of methods for estimating the feasi-

bility and cost of harvesting the area, and the selection of an appro-

priate model for solving the optimization,. once these cost and feasi-

bility estimates have been made for alternative logging systems. The

feasibility analysis should consider topography, cable system mechan-

ics, timber type, and special physical features such as streams, buffer
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strips, and areas of especially fragile soils. While non-timber re-

sources other than soil and water are not explicitly considered, the

planning methodology should be flexible enough that adjustments can be

made to the solution in order to test the effect of such considerations

on costs and harvesting feasibility.



III. LOGGING FEASIBILITY AND COST ANALYSIS

This chapter discusses the theory and application of computer

routines which were developed as part of this study to evaluate the

feasibility and cost of harvesting forest planning areas by means of

four cable logging systems: highlead, flyer, live skyline, and

running skyline. The first section of the chapter briefly reviews

the extensive literature on cable logging system mechanics which has

been developed in the United States during the past half-century6.

Later sections discuss the means by which this theory has been applied

in the present study.

Literature Review

More than 50 years ago, Anderson (1921) recognized the fact that

a logging cable loaded by its own weight hangs in the shape of a cat-

enary. More importantly, he was able to show that when a cable is

loaded at one point, the conformation of the cable is that of two arcs

of a common catenary, with the point of intersection at the load.

Using this fact, he derived expressions for computing the tensions in

the cable at each support, and for calculating the load carrying capac-

ity of the cable at the loaded point. Later, Mills (1932) simplified

and extended Anderson's work, and Davies (1942) converted the analy-

6A considerable body of work has also been published in Europe, the
Soviet Bloc countries, and Japan, but is not reviewed here.

40
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tical work of both Anderson and Mills into a series of tables and

graphs which could be more readily applied in the field. Little ad-

ditional development took place until the mid-l960's, when Lysons and

Mann (1967) published a handbook which utilized a combined graphical,

physical analog, and tabular approach for the solution of skyline

catenary problems. Shortly afterward, Perkins (1967) published the

first computer-oriented system for skyline logging system design.

Since that time, an extensive body of literature related to skyline

catenary problems has developed, the bulk of it having been contrib-

uted by the Forest Engineering Project of the Pacific Northwest Forest

and Range Experiment Station, USDA Forest Service. Mann (1969) de-

rived the first catenary equations for the solution of running skyline

problems, and applied the methodology of Lysons and Mann (1967) to the

solution of those problems. Shortly thereafter, Carson and Mann (1970)

provided an efficient new technique for solving skyline catenary

equations; they also (1971) analyzed the error which results from the

use of rigid-link analysis to approximate catenary solutions. Recent

emphasis has been on the practical solution of skyline logging system

design problems by computer (Carson and Studier, 1973), programmable

desktop calculator (Carson, 1975a; Sessions, 1976), and hand-held

programmable calculator (Carson, 1975b).

It is important to note that all of the procedures reviewed above

have been developed for the analysis of skyline feasibility along a

specific cableway emplacement. That is, the locations of the tower

and skyline anchor, and data describing the ground profile along the

cableway, are all specified exogenously; the load capability or other



42

parameters of interest are then calculated at various intermediate

points for the purpose of testing the feasibility of the emplacement.

Although the method used in the present study borrows heavily from this

procedure, it differs in one important respect: the compilation of a

ground profile and evaluation of feasibility is completely endogenous.

Furthermore, the method used here considers the effect of individual

timber types at any point on the planning area, and accounts for ac-

tions which must be taken due to the existence of special physical fea-

tures such as buffer strips or areas of sensitive soils. This permits

the rapid evaluation of a great many alternatives, so that the analy-

sis of large planning areas is made possible.

Yarding System Geometry

Before proceeding with a discussion of the feasibility analysis as

implemented in this study, it will be useful to define several terms

and to describe the geometry of cable yarding systems.

Vertical Plane

Figure 6 is a schematic drawing which illustrates cable system

geometry in the vertical plane. The notation in Figure 6 is defined

as follows:

L = the horizontal span of the cableway;

D = the horizontal distance from the spar to the load;

Y = the vertical distance from the spar to the load;
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L
= the vertical clearance which is necessary if the turn of logs

is to be partially or fully suspended (full suspension is

illustrated);

H = the vertical difference between the headspar and the anchor.

An additional parameter which is not shown in the figure, but will be

of interest later, is the chord, which is a line segment connecting the

spar and the anchor. In addition to the above, several physical fea-

tures are also shown in Figure 6 which would be considered in a feasi-

bility analysis of that cableway; these are the buffer strip, stream,

and stremside hazard zone. Additional features, as discussed in

Chapter II, could also have been included.

While the configuration of the cables will vary from that of the

running skyline system shown in Figure 6, the basic geometry will re-

main the same. When full or partial log suspension is unnecessary, how-

ever, is set equal to a constant, say five feet, which represents an

adequate distance for the carriage to clear the ground. For the high-

lead system, the butt rigging is normally very close to the ground

and is assumed to be equal to zero.

Horizontal Plane

Figure 7 illustrates cable system geometry in the horizontal plane.

Note that the cableway is defined implicitly by the location of the

spar and the anchor; the distance between these points corresponds to

the span, L, in Figure 6. External yarding distance is defined by the

intersection of the cableway and a boundary. Often this tboundaryI
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Figure Cable yarding system geometry in the horizontal plane.



7Sometimes yarding is permitted in corridors which have been cut
through a buffer strip. This permits the area on one side of the
buffer strip to be yarded to a landing on the opposite side. The

current version of the methodology developed for the present study,
however, prohibits yarding through buffer strips.
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would be the anchor point itself, or the boundary of the planning area.

In Figure 7, it is the margin of a buffer strip7. A yarding "road", or

corridor, consists of the area between the spar and the point of exter-

nal yarding, bounded by the lateral yarding width of the cableway

emplacement. Usually, as shown, yarding roads are approximately rec-

tangular in the horizontal plane. Also shown in Figure 7 are several

timber types, and a streamside hazard zone which has been designated

for full log suspension.

Highlead Feasibility Analysis

In spite of the fact that the highlead has been the most widely

used cable yarding system in the United States (Studier and Binkley,

1974), no analytical work has been published relative to the mechanics

of highlead yarding. This is apparently due to the comparative sim-

plicity of the system (Figure 1), and the fact that its limitations

usually provide little motivation for a rigorous study of load carry-

ing capacity. These limitations include the fact that the highlead has

little or no capability for suspending logs above the ground; in fact,

the system generally has only a slight capability for partial suspen-

sion. In addition, the lateral reach of the system is limited by the

distribution of logs on the ground and the length of the chokers which
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are being used. Normally, it is difficult to overload a highlead

system designed to operate in old-growth timber unless very large logs

or exceptional topographic conditions are encountered. The highlead

feasibility analysis presented here is concerned primarily with the

evaluation of such conditions.

Blind Lead Areas

Consider the hypothetical yarding system shown schematically in

Figure 8. Note that the chord passes through a section of the ground

profile along the cableway. This creates a condition on the anchor

side of the intersection which is called a "blind lead". Because the

mainline is deflected by the surface of the ground in the vicinity of

the chord intersection, the tower is unable to provide lift to any

turn which is yarded frOm the blind lead area. This means that yard-

ing efficiency is greatly reduced in that area; furthermore, deep soil

gouging frequently results from attempts to yard from such areas

(Studier and Binkley, 1974). Present harvest planning guidelines

usually discourage or prohibit the use of highlead systems where blind

lead areas cannot be avoided. Therefore, the procedure adopted in

this methodology is to fix the external yarding distance at the point

of intersection of the chord and the ground surface, if any such inter-

section occurs along a proposed cableway. The feasibility analysis

then continues as described below.
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Figure 8. Blind lead area for a hypothetical
highlead cableway.
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Physical Features

As noted earlier, the highlead system has essentially no capability

for partial or full suspension of logs8. Therefore, when features are

encountered which require this capability (such as streams or areas of

fragile soils), the external yarding distance is fixed on the spar side

of the first such obstacle encountered.

Other physical features which are considered in this analysis are

buffer strips, roads, landings, and the planning area boundary. If any

of these is encountered along a cableway, then the external yarding

distance for that cableway is fixed as described above.

Rigging Capability

The maximum distance between the spar and the tailhold for a high-

lead system is limited by the storage capacity of the mainline and

haulback drums onto which the working lines are reeved at the yarder.

Of the two cables, the mainline, which is larger, is usually the more

limiting. For a feasible emplacement, therefore, the total mainline

length must be at least equal to
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8

C + 2H [3.1]

This statement is not entirely true; given the right topographic and
load conditions, some highlead systems are capable of fully suspend-
ing logs for short distances, and almost all are capable of partial
suspension for short distances. To fully or partially suspend logs
over extended distances, however, the use of a skyline system is re-
quired.
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where G = the total slope distance from the spar to the tailhold,

measured along the ground surface;

= the height of the spar.

In this case, if feasibility is not indicated, then the entire cableway

must be abandoned. Otherwise, the evaluation proceeds to the load

capability analysis.

Load Capability Analysis

The load capability of a cable yarding system is important in two

respects: first, it suggests whether or not the proposed cableway is

feasible; and second, it is used to estimate the cost of yarding tim-

ber which is accessible to that cableway. Only the first point is con-

sidered here; the second point is discussed in the section of this

chapter which deals with yarding costs.

In order to develop a procedure for estimating the load capability

of a highlead system at any point along the ground surface between the

spar and the anchor, a static, rigid-link analysis of the system was

made. This analysis ignores the fact that the mainline actually hangs

in the shape of a catenary. Carson and Mann (1971) have shown, however,

that for loaded logging cables, the rigid-link assumption seldom

results in errors greater than about 0.2 percent. The advantage of

rigid-link analysis is that it permits the derivation of algebraic ex-

pressions which can be solved directly for the parameters of interest.

In the catenary formulation, the analogous expressions are transcen-
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dental (see, for example, Carson and Hann, 1970). This means that an

iterative solution procedure is required. For large problems involv-

ing many thousands of evaluations, such as the problem addressed in

this study, the additional computation time required by the catenary

formulation would be difficult to justify.

The objective of the load capability analysis is to determine, for

some minimum acceptable load, the tension in the mainline which would

result if that load were applied at the point in question. This ten-

sion is then checked against the maximum safe tension for the specific

mainline cable which is being evaluated. If the estimated mainline

tension is greater than the maximum safe tension, then the cableway

emplacement is infeasible.

Figures 9 and 10 illustrate the specific assumptions which were

made for this analysis. Note, from Figure 9, that:

The slope of the mainline is assumed to be parallel to the

surface of the ground in the vicinity of the load;

The log, or turn of logs, is assumed to drag along the ground;

The haulback line is also assumed to drag along the surface

of the ground;

4 Any influence imparted by the haulback line, other than that

between the load and the anchor, is ignored.

Figure 10 shows the forces which are considered in the evaluation.

The notation in the figure refers to the following:

= the weight of the mainline;
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WL = the weight of the log;

ML = the normal reaction force exerted against the log by the

= the tension in the mainline;

= the vertical component of mainline tension;

= the horizontal component of mainline tension;

= the force exerted along the ground by the weight of the log,

ground;

= the weight of the hau.1.back line;

= the normal reaction force exerted against the haulback line

by the ground;

= the drag imposed on the log by friction;

back line;

= the drag imposed on the haulback line by friction.

1/2
= w(D2 +Y2)'

where = the unit weight of the mainline cable;
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= the force exerted along the ground by the weight of the haul-

Assuming that the mainline is a rigid member pinned at the spar and at

the log,

[3.2]



Then,

WL cos

where = the unit weight of the haulback line;

L, D, Y, and H are distances as shown in Figure 6.
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D and Y are the horizontal and vertical distances to the point of

loading, as shown in Figure 6.

[3.3]

[3.4]

where t is the coefficient of friction, assumed to be 0.6 in this

study, as suggested by Biggs (1973).

During highlead yarding, two loads are essentially in tow; the turn of

logs, and the haulback line Thus, the forces imposed by the haulback

line must also be considered:

3.5]

3.6]

[3.7

The intention of this analysis is to compute T, the tension in the main-



line. Taking moments about the mainline at the spar,

=
spar

Using the identities TH = Tv/tan c and Y = Dtan 4', and solving for

Tv,

+ PN1jc05 -

H-YIIEB
TJ Vw iiNjcos

{F +
L] sin

[tan + '][F + iiNjcos

where WBR the weight of the butt rigging.

[F + PNL]sin

L_DJ [FB + i.iNJ sin
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+ 3ANJsin 4' [3.8)

[3.91

To this point, the analysis has neglected the weight of the butt rig-

ging, which is often several hundred pounds. Assuming that the butt

rigging is fully suspended (Figure 9),

3.10]



Finally,

Then, if T is greater than the maximum safe tension for the mainline

cable (Tax) the proposed load is too large In the procedure imple-

mented for this study,. WL is. equal to some minimum acceptable load,

which may vary by timber type. Therefore, T is computed at intervals

along the cableway At each point, the timber type (and thus WL) can

be determined Then, if T > T at any such point, the cab].eway em-

placement. is infeasible.

Skyline Feasibility Analysis

The evaluation of feasibility for the three skyline systems in

this. study proceeds in essentially the same manner as that for the

highlead system. The problems encountered in skyline yarding, however,

are slightly different because the nature of the system and its appli-

cation are different.. Many skyline systems are capable of lateral

yarding, so that logs which are as far as 100 or even 200 feet from the

cableway may be within reach, depending upon the limits of the individ-

ual yarding system.. This. capability has the effect of increasing the

potential width of yarding roads (Figure 7) , which can, reduce the total

number of cableways required to harvest a given area. The ability to

yard laterally also improves possibilities for loading the system to

near (or above) its load carrying capacity, since the number of logs
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[3.11]
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which can be hooked is less dependent upon the distribution of logs on

the ground. All of the skyline systems considered here are capable of

full log suspension over extended distances. The ability of a given

system to suspend logs in a particular application, however, is depend-

ent upon the weight of the load to be carried and the topography over

which it is to be flown.

Blind Lead Areas

Although blind lead conditions are at least as restricting with

skyline systems as with the highlead, they are not explicitly considered

in the analysis. This is because the load capability evaluation, which

is discussed below, will always discover such conditions. By contrast,

'the procedure used in the load capability analysis for the highlead

system was not capable of doing so.

Physical Features

The primary importance of physical features in the skyline feasi-

bility analysis is to define the external yarding distance along any

cableway, and to act as signals for the type of yarding which is to be

done along segments of the cableway,. Major streams and areas of

especially fragile soils, for example, require full log, suspension,

Other features, such as minor stream crossings, may require partial

suspension, and undesignated areas require only that the carriage be

clear of the ground. The load carrying capacity of a skyline system,

and therefore its cost, is related to the yarding prescription; this



C + 2}L + 2HT

where G and are as defined for the highlead system;

= the height of the tailtree
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capacity is minimized for full suspension, and maximized for ground

skidding. Thus, in an economic analysis it is important to limit log

suspension to those areas where it is specifically required.

In addition to features which require full or partial suspension,

a proposed cableway may also encounter buffer strips, roads, landings,

or the planning area boundary. The appropriate response in this case

is the same as for the highiead; the external yarding distance for

that cableway is fixed on the spar side of the first such obstacle en-

countered.

Rigging Capability

This analysis is essentially the same as for the highlead system,

with one difference. In order to provide sufficient clearance for

full or partial suspension along any portion of a cableway, it may be

necessary to elevate the tailhold by hanging it in a tree, called a

tailtree. For a feasible emplacement, therefore, the total skyline

length must be at least equal to

[3.121

For the flyer and live skyline systems (Figures Z and 3), it is some-

times possible to add an extension, called a "tag skyline", so that the
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skyline span can be increased without having to increase the size of

the skyline drum. Whenever a tag skyline is added, however, a fixed

charge will be incurred.

Load Capability Analysis

As indicated in the literature review earlier in this chapter,

a significant body of analytical. work has been published relative to

the mechanics of skyline yarding. Rather than develop a new procedure

for the load, capability analysis. as. was done for the. highlead system,

therefore, the procedure of Carson and Mann (1971) was used. This

procedure has also been used by Carson (1975b) and by Sessions (1976).

Assumptions appropriate to the Carson-Mann procedure are illus-

trated in Figure 11. Again, a. rigid-link analysis is used to approxi-

mate the catenary relationships. The mainline is envisioned as. being

pinned at. the spar and at the carriage. The skyline, however, is

pinned at the spar but is deflected past the carriage by an arrange-

ment of sheaves. . Thus, the tension in segment 2. of the skyline is

known to be equal to the tension in segment 1. Similarly, for the

running skyline system the tension in skyline segment 3 is equal to

that in segment. 2 because the skyline is deflected around a block at

the tailhold. Skyline segments 2 and 3 are parallel and of equal

length; skyline segment 1 and the mainline are also parallel and of

equal length. For the flyer and live skyline systems, skyline segment

3. is missing because the skyline is anchored at the tailhold. The

influence of the' haulback 1ne on the load capability of the. live



figure 11. Relationship of system components and forces in
the skyline feasibility analysis (illustrated
for the runnng skyline)
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skyline is small and is thus neglected. Therefore, the analyses for

the flyer and the live skyline systems are identical.

A complete development of the algebraic expressions for the load

capability of the live and running skyline systems is given in Carson

(1975b). Briefly, his development shows that the load capability for

both systems can be described as a function of the horizontal compon-

ent of tension in skyline segment 2, the weight of the carriage, and

the weights of the mainline and the individual skyline segments. The

expression which results is as follows:.

= tT2 1f1} -{ws1.rws2+w} - [3.13]

ç 1 for the flyer and live skyline systems;
wheret

' 2 for the running skyline system;

S
= the horizontal component of tension in skyline

segment 2;

W the weight of the carriage;

L, D, Y, and H are known from the geometry of the situation

(see Figure 6);

W1, W, and W are computed in the same manner as the

analogous quantities were computed in [3.21 and [3.5].

Note, however, that if twa mainlines are used with the

running skyline system to provide for lateral yarding

(Figure 4), then W is equal to the sum of the

weights of both lines.



The horizontal component of tension in skyline segment 2 is given by

where = the unit weight of the skyline cable;

max
= the maximum safe tension in the skyline cable.

To check the feasibility of a particular cableway, WL is com-

puted at intervals along the cableway. If its value is less than the

minimum acceptable load at any point (which may vary by timber type),

then the cableway emplacement is infeasible.

An important feature of the skyline load capability analysis is

the fact that requirements for partial or full suspension can be en-

tered directly into equations [3.131 and [3.14]. Observe, in Figure 6,

that Yis. dependent upon the ground elevation at the load point, and

upon
L

Let

= the vertical clearance necessary for full suspension;

= the vertical clearance necessary for partial suspension;

= a vertical distance which is sufficient to provide clearance

of the carriage (in this study, = 5 feet).

= the vertical distance from the spar to the ground surface at

the load point.
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S2 WsL(L_D) Y-H
T 2

- 1
1/2

[3.14]TH
=

21i+I!.211'2
L-Dj

.1

+
L-D - L-D



Then, if full suspension is required at the point,

=
- [3.151

If partial suspension is required,

Ty
[3.161

Otherwise, ground skidding is permitted, and

G
[3.171

If either partial suspension or ground skidding is permitted, then

the result of equation [3.13] must be increased to account for the fact

that the load is partially supported by the ground. This situation

has recently been analyzed by Carson (1975c), who showed that even for

the rigid-link analysis, an iterative procedure is required to solve

for the exact value of WL. To avoid this requirement, Sessions (1976)

has concluded, after solving many problems both with equation [3.13]

and with the method of Carson (l975c), that

1.5 WL [3.18]

where WL = the load capability of the skyline system when the turn

of logs is being skidded or partially suspended;
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= the result of equation [3.13].

This approximation has been used in the present study.

The final provision which has been incorporated into the skyline

load capability analysis permits the use of elevated tailholds to in-

crease the load capability of the skyline. The purpose of elevating a

tailhold is to compensate for topographic conditions which prevent the

minimum acceptable load from being successfully flown or skidded past

a particular point on the cabieway (Figure 12). Elevated tailholds

are normally avoided if possible because their preparation requires a

significant effort, thereby increasing the cableway emplacement cost.

Furthermore, tailtrees must have certain size and quality character-

istics (Studier and Binkley, 1974) , and suitable candidates may not al-

ways be available near the anchor point.

The methodology developed for this study permits the forest man-

ager to specify AH (Figure 12). Tailhold height (liT) is initially set

equal to zero for each cableway. If the computed WL (or W, as appro-

priate) is less than the minimum acceptable load at any point along

the cableway, then liT is increased by 25 feet. If liT > AH, then the

àableway is infeasible. Otherwise, WL (or W) is recalculated and a

new evaluation is made. Thus, the analysis proceeds in 25-foot incre-

ments up to the maximum tailhold height of H, if necessary. If WL

(or WL) the minimum acceptable load for H. H, then the cableway

is feasible.
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FULL SUSPENSION REQUIRED

Figure 12. Effect of tailhold height on skyline suspension
capability.
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Estimation of Logging Costs

As mentioned earlier, the objective of the forest manager is pre-

sumed to be an economic one: to design cutting units and assign log-

ging equipment to those units in such a manner that the total value of

the timber harvested, net of fixed and variable logging costs, is maxi-

mized. While the feasibility analysis discussed in this chapter is

designed to find out whether the cable yarding of a particular area by

a specific yarding system is feasible, it is also useful for the esti-

mation of yarding costs. Additional costs which are considered in the

optimization and heuristic procedures presented in Chapters IV and V

are the fixed costs of landing and spur road construction, yarding sys-

tem installation, and cableway emplacement. The cost of hauling logs

to a mill or appraisal point is also considered, as it is expected to

vary for each landing in the planning area. Loading costs, however,

are expected to be essentially constant for alternative logging sys-

tems, and thus are not considered.

Yarding and Hauling Costs

As the planning area is represented digitally by a fixed grid of

timber parcels, the procedure presented here is designed to compute

an estimate of the cost of yarding each parcel which is accessible to

any proposed (feasible) cableway. This cost is then added to the ex-

pected cost of transporting the timber in a particular parcel from the

landing to the mill or appraisal point. The total of these two costs
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is subtracted from the delivered value of the timber; this gives the

expected value of the parcel if it is to be harvested over a specific

cableway, by means of a particular yarding system, to a certain land-

ing. Thus, at least one and possibly many expected values will be

associated with an individual parcel, depending upon how many feasible

alternatives exist by which it can be harvested. The task of the pro-

cedures discussed in Chapters IV and V is to select the best assign-

ment of parcels to facilities, so that the total value of those assign-

ments, net of fixed costs, is maximized.

For the purpose of this study, yarding cost is assumed to be a

linear function of certain variables which can be estiiited for any

timber parcel and any cableway alternative. A linear regression model

is used. to compute an estimate of the time required to yard a single

turn of logs from the centroid of a specific parcel to the appropriate

landing. The general form of this model is as follows:

lxl + 22 + tXi + x5 + x6 c) [3.191

hereYk= the expected total time required to yard one turn, in

minutes; by means of yarding system k;

a constant, 1, which is known as the "delay coeffici-

ent" and is used to adjust the yarding time estimate for

expected delays; the value for 5 is specified exogenous-

ly for each yarding system alternative, k;

= the regression constant;
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8 through 86 = regression coefficients; estimates of 8j

through 86 are specified exogenously for each yarding

system alternative, k;

s = the amount by which an individual
k
may fall off the

regression surface (assumed to be a normally distributed

random variable with mean = 0 and a constant, unknown

variance);

X1 = expected volume per turn, in board feet;

X2 = expected volume per log, in board feet;

X3 average slope yarding distance, measured along the sur-

face of the ground, from a particular timber parcel to

the appropriate landing, in feet;

= average slope lateral yarding distance, measured from

the centroid of the parcel along a line perpendicular

to the cableway, in feet;

X5 = expected number of logs per turn;

= the slope of the chord from the spar to the anchor, in

percent (negative if the anchor is below the spar).

All of the X are estimated endogenously with the exception of X2, which

is a function of timber type.

The linear regression model [3.19] was selected for use in this

study because work by numerous authors (for example, Van Winkle, 1976a)

suggests that it is an appropriate model for the estimation of cable
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yarding production rates. Reasons for including each of the above X

in the model are discussed in detail by Van Winkle. Other production

studies, such as those reported by Aulerich, Johnson, and Froehlich

(1974), Sinner (1973) and Chamberlain (1965) have also used either the

sameX. or a subsetof them. This means that published regression co-

efficients are available for a wide range of cable yarding machinery.

Furthermore, the fact that nearly all of the X. can be estimated endo-

genously is an attractive feature in a planning methodology.

For any given timber parcel and cableway, the independent variables

are estimated as follows:

Expected volume per turn. An estimate of WL for the parcel is

obtained, as appropriate, by successive applications of equations [3.9]

through [3.11] (for the highlead system), or from equation [3.13] (for

the skyline systems); if necessary, the skyline result is adjusted via

equation [3.181. WL (or WL) is then converted to a board foot volume by

means of an exogenous density conversion factor, which may vary by tim-

ber type. The result is checked against an exogenously specified "maxi-

mum expected volume per turn", which is a function of both timber type

and yarding system. The smaller volume is selected; then, using the

expected volume per log, this result is truncated to the nearest half-log

(a "log" is assumed to be 32 feet in length).

Expected volume per log. This quantity is specified exogen-

ously, and may vary by timber type.

Average slope yarding distance. As shown in Figure 13, the

point of intersection of the cableway and a line drawn perpendicular to
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Figure 13. Determination of average yarding distances
for a particular timber parcel.
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it from the centroid of the parcel is determined (point A). The distance

from this point to the landing, along the surface of the ground, is

taken to be the average slope yarding distance for the parcel if it is

harvested over this cableway.

Average slope lateral yarding distance. The horizontal dis-

tance from the centroid of the parcel to point A (Figure 13) is computed.

Then, from the known elevations of point A and the parcel centroid, the

length of the chord connecting the two points is determined; this length

is taken to be the average slope lateral yarding distance for the parcel

if it is harvested over this cableway.

Expected number of logs per turn. This estimate is computed

directly from the known volume per 1og for the parcel and the previously

estimated volume per turn:

X5 = [3.20]

Chordslope. Referring to Figure 6, this value may be deter-

mined as follows:

Chordslope = (- 1O0 [3.21]

To compute an estimate of the total cost of yarding parcel i over

cableway j, the total volume of timber on the parcel must be known.

This volume is given by



Next, total estimated yarding cost is determined:

Y T SC- Y1.0

Y HV. =V.P-C.. -V.0
ijk 1 ijkL i £
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2

i 43560 [3.22 :i

where y = the grid length, in feet, of the fixed-grid digital

mapping system being used;

the volume per acre (Mfbm/ac) for the timber type cor-

responding to parcel i;

43560 = the number of square feet in one acre.

Then, the total time, in hours, which is required to yard the timber in

parcel i over cableway j by means of yarding system k to landing £ is

estimated as follows:

[3.231

[3.241

k, in $/hr, including both equipment and labor costs.

Finally, the expected value of parcel i, if it is harvested over cable-

way j by means of yarding system k to landing 2,, is computed:

[3.25]

where = the total fixed and operating costs of yarding system



where P = the delivered price, in $/4fbm, of the timber in the

type associated with parcel 1;

C = estimated hauling costs, in $/Nfbm, from landing L to

the mill or appraisal point.

Fixed Costs

The costs of landing construction and yarding system installation

are estimated exogenously, and thus are not considered here. Cableway

emplacement cost, however, is assumed to vary with the distance from the

landing to the anchor, as suggested in a recent analysis by Van Winkle

(1976b), and with tailtree height, as discussed by McGonagill (1975). It

is also presumed to be dependent upon whether the cables have to be

threaded through standing timber, as mentioned in Chapter II. The spe-

cific relationships between these variables and cableway emplacement

time vary with the yarding system, but are assumed to be of the form

= + i(L2H2)h/2 + a2H + ct3B + 3.261

where E.k = the time required to emplace cableway j for yarding

system k at landing 2, in minutes;

the regression constant;

through c3 are regression coefficients (ct0 through c

are specified exogenously for each yarding system k);

= the random error term (as in [3.19]);
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L and H are given as in Figure 6;

= tailtree height, in feet;

l if the lines must be threaded through a buffer strip
B

=
or other standing timber;

0 otherwise.

The fixed cost of emplacing cableway j for use with yarding system k at

landing .Q is then given by

f E
jki - jk2 Ck

where C=the hourly cost associated with yarding system k,. as

used in equation [3.24].

Implementation of the Feasibility
and Cost Analysis Procedures

The procedures discussed in this chapter have been programmed in

FORTRAN IV, and complete program listings are presented in the Appendix.

The programs were subjected to extensive tests, and appear to perform

correctly within the limits established in the scope of the study (see

Chapter I). Many of the routines which had to be written have not been

discussed explicitly in this dissertation, particularly those which

deal with the geometry of the fixed grid method of digital mapping. The

programs are well documented, however, and anyone who is interested in

the details of the implementation and is familiar with FORTRAN should

3.27]
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have no difficulty following them.

To demonstrate the application of the feasibility and cost analy-

sis procedures, a small but realistic example has been prepared. The

situation is illustrated in Figure 14. A planning area, which consists

of six timber parcels, can be yarded to either (or both) of two land-

ings. Two cableway locations have been proposed for each landing;

lines drawn from parcel centroids to the cableways suggest possible

assignments of parcels to facilities. Two yarding systems are avail-

able to do the yarding, each of which can be Installed at either land-

ing. Each parcel represents an area of approximately 1/4 acre (the

grid length is equal to 100 feet). Other data relevant to the problem

are presented in Table 1, and an appropriate fixed grid map is illus-

trated in Figure 15.

Portions of the output from the cable yarding feasibility and cost

analysis programs are shown in Tables 2 and 3. Table 2 is used to

check the input data for the problem; Table 3 shows the detailed re-

sults of the analysis for cableway number 2, computed for both the

highlead and running skyline systems.. Note that the report for each

system is in two parts: a parcel summary and a cableway profile sum-

mary. The parcel snmmry lists relevant data for each parcel which can

feasibly be harvested over cableway2 by the yarding system in question.

Note that the expected value of parcels (4,3) and (4,4), which corres-

pond to parcels 5 and 6 in Figure 14, is higher for the running skyline

system than for the hlghlead. This reflects greater operating effic-

iency for the running skyline as estimated by the yarding regression
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gure 14. Lndn and cableway alternatives for the
example problem area.



1Timber type data are summarized in part B.
2Feature codes: 1 = full suspension required;

2 =partial suspension required;
99 no suspension requirement.

B. TINBER TYPE DATA

IVolume per acre (Nfbm/ac)
jvolume per log (fbm/log)
Iwood density (lbs/fbm)
JMaximum expected logs per turn:

I
Yarding system 1

I Yarding system 2

1Delivered
log price ($/Nfbm)

Type

125.00 175.00

C. LANDING DATA

Table 1. DATA FOR THE EXNPLE PROBLEM.

A. TIMBER PARCEL DATA

Landing

Landing and spur road construction cost Cs) 18000
Hauling cost to mill ($/Nfbm)
Location of spar on fixed grid

I

11.00
(5,2)

16000
10.00
(4,5)
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Parcel
2 3 4 5 6

Elevation 800 830 840 920 880 860

Timber Type1 1 1 1 2 2 2

Physical Feature2 1 2 99 99 99 99

30.2
140

63.8
230

8.5 8.0

3 2

5 4

CABLEWAY DATA
Anchor Location

Cableway 1 (1,3)

Cableway 2 (3,5)

Cableway 3 (2,2)

Cab leway 4 (4,1)



Table 1 (Continued)

E. YARDING SYSTEM DATA

Yardin stem

79

System type
Maximum reach (ft)
Maximum lateral reach (feet)
Mainline unit weight (lbs/f t)
Haulback unit weight (lbs/f t)
Skyline unit weight (lbs/f t)
Maximum safe tension (lbs)
Weight of the butt rig, or cart. (lbs)
Height of the spar (ft)
Maximum tailtree height (f t)
Cart. clearance, full susp. (ft)
Cart. clearance, partial susp. (ft)
Mm. acceptable volume/turn (fbm)
Total yarding system cost ($/hr)
Yarding system installation cost ($)
Cableway emplacement parameters:

a0(min)
(min/ft)

cs2(min/ft)

(mm)
Yarding regression coefficients:

0(min)

i
(min/fbm)

2(min/fbm)
3(min/ft)
1.(min/ft)

5(min/1og)

6 (min/pct)
Delay coefficient

g by
1 2

Highlead Running Skyline
950 2000
75 200
1.42 2.14
1.04 -
- 1.42

26500 26500
300 1000
50 50
0 50
0 50
0 20

200 300
75.00 95.00

650 1000

20 30

0.01 0.05
0 0.20

40 20

3.695 3.191
2 .880x103 1. 003x103

-4.034x103 -1.063x103
1. 700x103 2.337xl03
0 1.186xl02
0 0

0 0

1.15 1.20
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KEY:

COLUMN NUMBER

2 3

ROAD
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ANCHORS

TIMBER TYPE CODE

AVERAGE ELEVATION

PHYSICAL FEATURE

PLANNING AREA

LANDINGS
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LL2. SEE TABLE I
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Table 2. INPUT DATA SUMMARY FOR THE LOGGING FEASIBILITY
AND COST ANALYSIS PROGRAL



CA31E LOGGING SYSTEM FEASIBILITY AND COST ANALYSIS

EXAMPLE PQOBLEM -- HIGHLEAD AND PUNNING SKYLTN

GRIO SIZE= 100.00 FEET

DATA MATRIX HAS ROWS AND 5 COLUMNS.

=

SUMMARY OF YARDING SYSTEM DATA

MAX SUSPENSN MI TAILTREE
SYS SYS MAX MAX SEGI SEG2 MAX CARR SPAR TAIL CARR CLR FBMF COST MOVE RIG TIME ROAD CHANFJ R(JFER
NO. TYPE REACH LATERAL WT NT TENSION WEIGHT HI HT FULL PART TUR1 HR COST (MIHFT) .AO....A1. ADO TIME

SUMMARY OF YARDING REGRESSION COEFFICIENTS

CONSTANT VOL/TURN VOLLOG YAP') 01ST LAT 01ST LOSTURN CHOROSLOPE OLAY
SYSTEM (MIN) (MIN/FBMF (MIN,FM) (MINFOOT) (NIH/FOOT) (MIN/LOG) (MINfPCTI FACTC

1 1 950 75 1.1.2 1.01. 26500 300 50 0 0 0 200 75.00 650 0 20.0 .010 f.)
2 3 2000 200 1.1.2 2.11. 26500 1000 50 5fl 50 20 300 95.00 1Q00. .2000 30.0 .00 20

3.6950E 00 .0QOED3 k.031.OE-03 1.7000E'-03 OF 00 OF 00 OF 00 1.15
3.lqtOE 00 1.0030E-03 1. 0630E-03 2. 3370E-03 I .16OF-0 2 0! 00 OF 00 1.20



Table 2 (Continued

SPAR LANDING HAUL
LANDING LOCATION AND SPUR COST

NO. ROW CCL CONSTR. $FM
a_a__a a_a - ._ ____ _

--a

OF LANOING DATA

5
I'.

SUMMARY OFT FOREST TYPE OATA

18000 11.00
16000 10.80

30200 lkO

63800 230 8.0

AVG AVG DENSITY .MAX TURN. MILL
TYPE VOL/AC VOL/LOG L8SFF8M SYSTH.LOGS PRICE

8.5 3.0 125.00
5.0

2.0 175.00
14.0
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Table 3. FEASIBILITY AND COST ANALYSIS RESULTS
FOR CABLEWAY 2 IN THE EXAMPLE PROBLEM.

CANOTOATE ANCHOR POINT SUMMAGY

LANDING I SYSTEM 1 ANCHOR t T, 6)1 CA51WAY EMPLACFM!NTT

AVF AVE AV AVE AV YARD
HO SLOP LAY LOGS ¶101 COST

YARD Y400 YARD PER p p EXP
0161 01ST '7161 TURN TURN N FON °APCEL VALUE

139 141 67 2.0 450 13.53 ( 4, 3 '203.79
2'2 2_? 67 2.0 460 13.99 t 4, 4) 219'.lO

ESTIMATED GROUND ¶IISTANCF, SOAR TO ANCHOR: 367 cT

'7151
FROM GROUND

CA'IEWAY PROFILE: POINT SOAR ELFV

SPAP 0 900
I 100 892
2 203 53
3 300 852

TAIL 351 840

-- -

LANOING I SYSTEM 2 ANCHOR ( 3, 5)1 CA8LEWAY EMpIAC!MrNT=Y 05.26

AVE AVE AVE AVE AVE YARD
NOR SLOPE LOT LO6 VOL COST
YARD YAP) YARD PR PER PER EXP
01ST 015? 0161 TURN TURN N N DARCEL VALUE

191. 198 lit 5.0 700 14.99 C 3,7) 606.4t
2'T 202 55 5.0 700 13,7k C 3, 4) 695.10
139 V.1 67 4.0 920 10.30 1 4, 3) 2251.13
22? '?7 67 4.0 920 10.72 ( 4, 4) 2245.05

ESTIMATED GROUND DISTANCE, S°AR TO ANCHOR: 367 FEET

01ST
FROM GROUND LOAD

CARLEWAY PROFILE: POINT SPAR ELEV CAPAC

SOAP 0 900
1 100 892 21407
2 200 063 16037
3 300 852 15032

TAIL 361 540

KEY: System 1 = highlead;
2 = running skyline.

===----. =

5PARTTAL SUSPENGION"

TAIL TREE kEIGT= 75 FE1
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equations for the specific conditions encountered along cableway 2.

The average number of logs per turn, which for large timber would de-

pend primarily upon the load capability of the yarding system at any

point, is in this case limited by the distribution of logs on the

ground. Since the running skyline has greater lateral capability

(Table 2), more logs per turn can be hooked to that system, and less

total time is required to yard a given parcel. The result is lower

total yarding costs, and therefore higher net parcel values.

Table 3 also indicates that the running skyline is capable of

yarding four timber parcels over cableway 2, as opposed to only two

parcels for the highlead. Thus, cableway emplacement costs can be

amortized over a larger volume of timber if the running skyline sys-

tem is selected. Whether this is actually the best selection to make

depends, of course, upon the total difference in cableway emplacement

costs (which are higher for the running skyline) and yarding system em-

placement costs (which are also higher for the running skyline), and

upon the results of similar analyses for the other cableways to be con-

sidered. Techniques to decide the actual assignment of parcels to fac-

ilities are considered in Chapters IV and V.

The cableway profile summary in Table 3 is useful for constructing

a ground profile, if one is desired. Note that points are summarized

in equal 100-foot increments from the spar; the size of these increments

for any problem is equal to the specified grid length for the problem.

For skyline systems, the computed load capacity at each profile point

is printed. This information could be useful to the logging manager,
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as it suggests guidelines for the maximum size of turn which could be

hooked at intervals along the cableway. Note that the computed load

capacity of the running skyline system at profile point 3 is equal to

that for point 2. A load capability analysis for this ground profile

(Figure 16) shows that a load of about 32,500 lbs could actually be sup-

ported at point 3. However, any load which is hooked at point 3 must

also be skidded or flown, as prescribed, past point 2. Thus, the

effective load capacity at any point along the cableway is limited to

the minimum of the làad capacities for all points closer to the spar.

Gibson (1975) has called the function representing this phenomenon an

"effective load curve". Peters, however, had previously (l972)de-

fined a logging system "load curve" in an entirely different context.

In order to avoid confusion, the step function illustrated in Figure 16

is therefore referred to in this study as an "effective load profile".

In addition to. the preparation of reports such as those illus-

trated in Tables 2 and 3, the logging feasibility and cost analysis

programs prepare several output files which are subsequently used by

the heuristic optimization processor discussed in Chapter V. Examples

of these files are presented in the Appendix. A complete user's guide

to the programs described in this chapter is also included in the

Appendix, as well as an example of the data file which is used to

drive those programs
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Figure 16. Load capability profiles for the
example problem.
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Summary

This chapter has presented the methodology by which logging feasi-

bility and costs are evaluated for the cable systems in this study.

The procedures used to evaluate load capability are based upon static

analyses of the specific cable configurations under consideration.

For the highlead system, this kind of analysis had not been published

previously. The method developed here is rudimentary, but represents

a starting point from which more elegant derivations can proceed. The

procedures used for the skyline systems, on the other hand, were adapted

from published methods that have been widely used in the forest

industry.

In addition to load capability, the feasibility analysis also con-

siders blind lead areas, rigging capability, and physical features

such as roads, landings, and buffer strips. The methodology also per-

mits the specification of partial or full log suspension over any point

on the planning area. The blending of these capabilities represents

an important advance in timber harvest planning methodology, because

it provides the forest manager with a flexible tool for assessing

cable logging feasibility over a wide range of conditions. It is the

first harvest planning methodology to permit the specification of vary-

ing harvest restrictions on a single planning area, and the first to

utilize an automated procedure designed to free the analyst from

many of the chores associated with harvest planning. In addition, it

provides much more Information than would normally be available in

88



89

conventional harvest planning.

Yarding costs are estimated by means of a linear regression model

which has been widely used in the analysis of logging time study data.

A partIcularly attractive feature of this model is that estimates for

nearly all of the independent variables are obtained during the course

of the feasibility analysis. The heart of the cost analysis is the

fact that it considers logging feasibility under the conditions de-

scribed above, and also considers the characteristics of individual

timber types. This means that accurate estimates of the value of the

timber in each parcel, net of variable yarding and transportation costs,

can be determined. This net value is a function not only of the timber

itself but also depends upon the yarding system used and the specific

cableway over which it is to be yarded. Thus, several values will nor-

mally be associated with each parcel; one value for each yarding al-

ternative by which the parcel can be harvested. This is an important

concept, because it is the basis:uponwhich the optimization and

heuristic procedures discussed in the following two chapters depend.



Ill. FORMULATION OF A SOLUTION STRUCTURE

In some cases, the information developed by the feasibility and

cost analysis presented in Chapter III may be sufficient to permit the

forest manager to make satisfactory decisions regarding the design of

cutting units and the assignment of logging equipment to those units

(e.g. the optimal solution to the small example problem could be

found by inspection, or by enumeration). For large planning areas,

however, the quantity of data generated by that analysis may simply add

to the confiision. It is therefore of interest to identify methods by

which these data can be searched in order to find an optimal assign-

ment of timber parcels to cableway facilities. This chapter presents

one procedure for doing so. An approximation method, which cannot be

guaranteed to give optimal solutions but Is computationally feasible

for much larger problems, is described in the following chapter.

Facilities Location-Allocation Problems

The problem which has been posed in this dissertation belongs to

a class of problems which was originally described by Cooper (1963) as

"location-allocation" problems9. The objective of such problems is to
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9Actually, the problem addressed by Cooper was that of locating facil-
ities on a continuous plane. Here, the "discrete facilities location-
allocation problem" is considered; in this problem, facility sites are
to be selected from a finite set that includes all acceptable loca-
tions (Ellwein and Gray, 1971).



determine the number, location, and sometimes the size, of facilities

needed to service a set of demand centers (customers), and simultan-

eously to asáign specific demand centers to facilities so that total

distribution cost is minimized. This distribution cost is composed of

transportation costs plus the fixed costs associated with installing

and operating the facilities. Thus, the problem of minimizing total

distribution cost may be visualized as that of balancing transportation

costs against facility costs (Figure 17) Transportation costs will

fall as the number of facilities increases, but at the same time,

total facility costs will rise. Francis and White (1974) point out

that if there were no fixed costs, the optimum solution to this prob-

lem would be to install a facility at every site; this solution cor-

responds to the rightmost point on the transportation cost curve in

Figure 17. Conversely, if there were no transportation costs, the best

strategy would be to install a single facility at the site of lowest

fixed cost; this solution corresponds to the leftmost point on the

facility cost curve in Figure 17.

The classical location-allocation problem, which is also known

simply as the "warehouse location problem" or, because of its special

structure, as the "fixed charge problem", is usually formulated as a

mixed-integer programming problem:

minimize
i=l j=l

c.x1. +
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[4.1]

subject to :i=1 x,. m y,, jl,... ,n [4.2]
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Figure 17. Costs considered in, the facilities
location-allocation problem.
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eLi x.=
j=l ij

x1. 0, for all i, j

y. = 0 or 1, for all j [4.5]

where rn = the number of customers;

n = the number of possible facility locations;

x the fraction of the demand of customer i which is satis-ij
fled by a facility located at site j;

if a facility is located at site j;

3 = 10 otherwise;

the cost of supplying the entire demand of customer i

from a facility located at site j;

f. = the fixed cost incurred if a facility is located at

site j.

The objective function, [4.l],gives the cost when y. facili-

ties are established at locations for which yi. According to [4.2],

the total fraction of customer demand supplied by facility j must be

equal to zero if facility j is not established; otherwise, it cannot

exceed the numberof customers (i.e. the total demand). Constraints

[4.3] insure that the demand of every customer is met exactly. [4.4]

and [4.5] specify that all of the x.. must be nonnegative and all of

the y. must be either 0 or 1 (integer) for a feasible solution.
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An enormous body of literature related to this problem has de-

veloped during the past 10 or 15 years, apparently because of its gen-

era]. appeal in a wide range of applications. Elson (1972), for

example, has described it as "among the most important problems in in-

dustry". Numerous techniques have been applied to the fixed charge

problem, although none has been successful in solving extremely large

problems. Major approaches which have been used include branch-and-

bound mixed integer progrmining, dynamic programming, and heuristic

programming.

Branch-and-Bound Methods

Branch-and-bound, or implicit enumeration, is a. method of separat-

ing an integer programming problem into restricted subproblems by

placing contradictory constraints on some or all of the integer varia-

bles. For the fixed charge problem, the integer variables are re-

stricted to values of either 0 or 1; therefore, the branching technique

is designed, at each branch, to set some of the y. equal to 0, and the

remaining y equal to 1. The resulting subproblem can then be solved

by linear prOgramming. By a judicious choice of the specific y. which

are Set equal to 0 (or 1), it is possible to avoid solvin.g all possible

subproblems and yet be able to guarantee (at some point) that an opti-

mal solution to the problem [4.1] - [4.5] has been found; thus the term

"implicit enumeration". The first application of this procedure to the

fixed charge problem was published by Efroymson and Ray (1966), who re-

ported satisfactory test results for problems with up to 50 facilities
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and 200 customers. The major difficulty encountered with this method,

however, is that computation time tends to be exponentially related to

the number of possible facility sites in the problem (Khuinawala, l971).

Recent attention has therefore been directed primarily at attempts to

reduce the number of branches which have to be searched, either by

ranking the extreme points (Murty, 1967), by improving the origin of

the search (Spielberg, 1969), or by means of more efficient branching

rules (Sá, 1969; Khumawala, 1972). Improvements in the basic branch-

and-bound algorithm itself have also been significant, particularly

those based upon the work of Glover (1968), Geoffrion (1969), and

Davis, Kendrick, and Weitzman (1971). In spite of these efforts, how-

ever, no computationally attractive results have been presented for

largefacilities location problems; usually, solution times are satis-

factory only if the number of integer variables in the problem is less

than about 100. With respect to the present study, a moderate forest

harvest planning area would encompass perhaps 200 acres. If five land-

ing sites were considered, each of which could accommodate one of four

possible yarding systems, and if 50 cableways could be emplaced for

each yarding system at each landing, then the total number of facilities

to be considered is equal to (5)(4)(50)=1000. Thus, the forest harvest-

ing problem appears to be too large for solution by a branch-and-bound

technque

Dynamic Programming

The first demonstration that a facilities location-allocation
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problem could be formulated as a dynamic programming problem appears to

have been that of Bellman (1965), who suggested a formulation to solve

the problem of Cooper (1963). More recently, Ballou (1968) has pre-

sented a dynamic programming formulation designed to consider optimal

location of facilities over time; this model thus treats the relocation

of facilities as demand and distribution costs change.. His application,

however, is for a very small problem (five facilities), and no compu-

tational experience, is given. Wesolowsky and Truscott (1975) have re-

vised and extended Ballou's work, but again consider only very small

problems. Finally, Curry and Skeith (1969) have presented a dynamic

progrannning formulation to a facilities location problem for which they

claim that solution time is only linearly, related to the number of

possible facility sites. To obtain this relationship, however, they

have ignored, the fixed charges, and have thus solved a different prob-

lem than the one with which the present study is concerned.

Heuris tic Progrrninring

Probably the greatest number of published applications of facil-

ities location problems have incorporated heuristic techniques. Heur-

istic programming has been described as a "formal, orderly presentation

of aids to discovery" (Michael, 1972).. That is, the scheduled proce-

dure, or program, attempts to use' experience, inductive reasoning, or

similar devices to reduce the amount of searching that has to be done

in order to find a solution. The emphasis in heuristic progri.ng is

on obtaining t?practicalU and. "satisfactory", rather than optimal, solu-
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tions. For many problems, the use of an exact mathematical programming

technique cannot be justified, either because of a lack of information

or because the problem itself is loosely structured. In other cases,

the methods available for obtaining exact solutions are either intract-

able or too expensive when problems of practical size are attempted.

As recently as 15 years ago, heuristic programming was considered

by some practitioners in operations research to be an approach of ques-

tionable value, or perhaps even dangerous to the science of management

(Michael, 1972). Recently, however, its stature has grown as an ex-

ample, the 1975 Lanchester Prize, which is awarded annually by the

Operations Research Society of America to the "best English-language

published contribution to operations research", was presented to the

authors of a paper describing a heuristic methodology for the dynamic

relocation of fire companies in New York City (Kolesar and Walker,

1974).

One of. the best-known heuristic approaches for solving facilities

location problems was developed by Kuehn and Hamburger (1963). Their

approach uses a two-part procedure. First, facilities are added one

at a time until no further additions can be made without increasing

total costs. Then, a "bump and shift" routine evaluates the cost in-

plications of dropping individual facilities or shifting them from

one location to another. It eliminates any facility which is no long-

er economical because some of the demand centers originally assigned

to it are now served by facilities located subsequently. Then it con-

siders shifting each facility from its currently assigned location to



the other potential sites within its territory.

Although Kuehn and Hamburger claim that their procedure is capable

of solving problems with several hundred potential facility sites and

several thousand demand centers, it does not appear to be a useful ap- -

proach f or the forest harvesting problem because its basic method is

that of adding facilities one at a time. For the problems posed by

Kuehn and Hamburger, the procedure seems to work well. In the forest

harvesting problem, however, a given timber parcel can usually be har-

vested only by means of a few cableways. Thus, if this procedure were

used, much of the early computation would be involved with infeasible

solutions. Furthermore, if a run had to be terminated early, the solu-

tion at termination might not be a feasible one. This suggests that a

more appropriate procedure would be to start with all or most of the

facilities assigned, and then evaluate the advantage of dropping some

of them.

Feldman, Lehrer, and Ray (1966) have developed a procedure which

uses a "drop" heuristic in this manner. In fact, they developed it

specifically to handle the possibility of infeasible routes. The ap-

proach is to evaluate, for each demand center, the total incremental

cost associated with shipments from each of the potential facilities.

Demand centers are assigned to facilities by a procedure that attempts

to minimize the total cost associated with this initial assignment.

Then, facilities are dropped one at a time until no facility can be

dropped without increasing total cost or causing infeasibility.

A number of other heuristic approaches have been developed. Some
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of these (e.g. Cooper, 1964) consider the location of facilities any-

where on a continuous plane when transportation costs are linearly re-

lated to the Euclidian distance between demand centers and facilities10.

Most, however, are concerned with the discrete facilities location

problem, where facility locations are selected from a finite set of

possible sites. A procedure formulated by cooper. and Drebes (1967) ap-

pears promising for this kind of problem, but has been tested only for

small problems. Another procedure, which has been extensively tested

for this class of problems,. is the "steepest ascent one-point move al-

gorithm" (Manne, 1964). Again, only small problems were analyzed and

it is not clear whether the method would be useful for solving large

problems.

Recent approximation procedures which have been developed for

larger problems include those of Sá (1969), Shannon and Ignizio (1970),

and Khumawala (1971). The method of Sâ borrows heavily from both the

Kuehn-Hamburger and the Feldman-Lehrer-Ray techniques, and has been

shown to give nearly optimal results for small to medium-sized problems.

None of the test problems reported, however, are large enough to permit

conclusions regarding the validity of the approach for very large prob-

lems

The. method developed by Shannon and Ignizio appears to be very

0Othe coon formulations are for costs proportional to rectilinear
distance and to squared-Euclidian distance. An excellent discussion
of these problems and methods for their solution is contained in
Francis and White (1974).
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efficient for large problems, including one involving 600 demand centers

and 600 facility sites. The problem solved by this technique, however,

is not the fixed charge problem but rather the simplified problem form-

ulated by Curry and Skeith (1969); the primary application of this pro-

cedure therefore seems to be in the area of set covering problems,

where a set of demand centers is to be "covered" (i.e. all of them

must be served), but fixed costs are not important (Francis and White,

1974)

The approximation method developed by Khumawala (1971) departs

radically from those reviewed above. It borrows heavily from branch-

and-bound methodology, but rather than implicitly enumerating the en-

tire set of
2n

combinations of n potential. facility locations, uses

heuristic branching ru1es to reduce the search. Khumawala has reported

test results for many problems, several of which are fairly large (up

to 100 facility sites and 200 demand centers).. For many of these

problems, his procedure found the optimal solution, and in all cases

the solution discovered was very good. Computing times for all of the

problems were quite fast, about 10 seconds (on an IBM 360/75) being

the time required for the largest problems. Furthermore, Khumawala

states that computing time is less than linearly related to the number

of potential facility locations considered. It is not clear, however,

whether this methodology would be useful for solving the much larger

and somewhat more complex problem posed in this dissertation.



Synthesis

The literature reviewed in this section does not present an en-

couraging picture with respect to the solution of large facilities lo-

cation problems such as the forest harvesting problem. Certainly,

computational experience with exact procedures appears to rule all of

them out from the standpoint of practicality. A formulation of the

forest harvesting problem which can be solved byan exact procedure

(for small problems) is presented in the next section, primarily for

the purpose of more fully describing the structure of the problem and

laying the groundwárk for suggestions as to the direction that future

research might. take for obtaining exact solutions to such problems

economically.. Chapter V then discusses a heuristic algorithm based

loosely upon the work of Kuehn and Hamburger (l963), Feldman, Lehrer,

and Ray (1966), Sá (1969), and Khumawala (1971), and Chapter VI shows

how the algorithm can be used with the methodology presented in Chapter

III to solve a realistic forest harvest planning problem.

A Facilities Location-Allocation Problem
With Cascading Fixed Charges

The specific problem addressed in this dissertation is that of

assigning timber parcels to cableway facilities so that the resulting

expectedvalue of the parcels, net of all fixed charges, is maximized.

Thus, if timber parcel i is to be assigned to cableway j for yarding

system k at landing £, then

1. the fixed cost associated with the emplacement of cableway j
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must have been incurred;

the fixed cost associated with the installation of yarding

system k at landing 2. must have been incurred;

the fixed cost associated with the construction of landing 2.

must have been incurred.

This special structure has not been discussed previously in the facil-

ities location literature, and is referred to here as a "cascading

fixed charge" structure. A somewhat related problem which has been

described by Jones and Soland (1969) is the "multi-level fixed-charge

problem". Their formulation is for a fixed charge problem which has

a nondecreasing, separable objective function with a finite number of

jump discontinuities. Such problems might arise, for example, if the

cost of producing some item jumps by the cost of additional production

facilities for quantities greater than the capacity of existing facil-

ities. An analogy in forest harvest planning would be the decision of

whether:

1. to construct a single landing large enough to store all timber

yarded to it during some period of time (minus whatever volume

of timber could be transported to the mill during that time);

2. to construct several smaller landings with the same total ca-

pacity as the larger landing (but different construction and

yarding costs); or

3. to restrict the landing size and accept a reduced rate of

production.
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In the present analysis, all landings are assumed to be large enough

to handle whatever intermediate storage may be required between the

time logs arrive at the landing and are. loaded onto trucks.

In addition to the forest harvesting problem, numerous problems

exist which appear to exhibit the cascading fixed charge structure.

A partial list of such problems would include the following:

In real estate development, the allocation of residential lots

to main and branch utilities (i.e. sewer and water, electric-

ity, telephone, and cable television lines) so that the total

cost of establishing and maintaining the main and branch lines

is minimized;

In warehouse location problems, the allocation of customers

among main and branch warehouses so that total distribution

costs are minimized;

On commercial farms or large-scale nurseries, the assignment

of garden plots to main and branch irrigation lines so that

the total cost of etnplacing and maintaining the lines is min-

imized ;

In forest transportation planning, the allocation of timber

stands among spur roads, which feed into main arterials, so

that the total costs of construction, maintenance, and trans-

portation are minimized.

No claim is made that these problems could be solved directly by the

methods presented in this dissertation. They do, however, appear to



subject to &kj ijkL = 1, for all i

- x. < 0, for all 1, j, k, £ [4.8]

[4.9]

[4.10]

I, for all £ [4.11]

Xjjk9, = 0 or 1, for all i, j, k, 9. [4.12]

- x 0, for all j, k, £

x9, 0, for all k, 9.
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exhibit the same kind of structure as the forest harvesting problem,

and have been listed here on that basis.

Mathematical Formulation

The problem of optimally assigning timber parcels to harvesting

facilities so that the total value of that assignment, net of cascaded

fixed charges, is maximized, may be stated as follows:

maximize kji VjjXjj9,
- fjk9,xjk

[4.6]

[4.7]



where v..
13 k2

the value of parcel i as computed in equation [3.25];

(1 if parcel i is harvested over cableway j by sys-

=

tern k at landing 9..;

(1 if cableway j is emplaced for yarding system k

XikL j
at landing 9

0 otherwise;

1 if yarding system k is installed at landing 9;

0 otherwise;

1 if landing 2.. is constructed;

0 otherwise;

= the fixed cost of emplacing cableway j for yarding

system k at landing 9., as computed in equation [3.27];

= the fixed cost of installing yarding system k at

landing 9. (entered exogenously);

= the fixed cost of constructing landing 9. (entered

exogenously).

The objective function, [4.6], measures the total value of the assign-

ment of parcels to facilities, net of cascaded fixed charges. Con-
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X.k = 0 or 1, for all j,. k, £ [4.13]

x=0or]., foralik, £. [4.14]

= 0 or 1, for all 2.. [4.15]
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straints [4.7] insure that every parcel is assigned to exactly one

cableway (i.e. all t:iinber is scheduled for harvest). By constraints

[4.8] - [4.10], the cascading of facilities as discussed earlier is as-

sured for a feasible solution. Constraints [4.11] require that at most

one yarding system is emplaced at each landing. Constraints [4.12] -

[4.15] indicate that partial assignments are not acceptable; an assign-

merit must either be made fully, or not at all.

Numerical Example

To illustrate the application of the model in [4.6] - [4.15], con-

sider the example problem represented by the data in Table 4. This

problem may be visualized much the same as the example presented in

Chapter III; parcel values and fixed charges, however, have been sim-

plified. Numbers in the main body of the table are parcel values; as

an example, v3312 = 1400. Fixed charges have been entered immediately

beneath the corresponding decision variab1es; f221, for example, is

equal to 500. This tableau format does a good job of representing the

cascading structure of fixed charges in the problem. It is immediately

evident, for example, that to emplace the cableway corresponding to

x211, not only does the fixed charge f211 have to be incurred, but

fixed charges f11 and f1 must also be incurred. Parcels which are in-

feasible for some cableway have no value in the column representing

that cableway. Thus, parcel 6 cannot be harvested by means of the

cableways corresponding to x111 and x121.

The total number of decision variables in the problem may be



Table 4. FIXED CHARGES AND PARCEL VALUES FOR THE EXAMPLE
PROBLEM.
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found by counting the number of numerical entries in Table 4, as each

entry is the cost coefficient for a corresponding variable in the ob-

jective function. In this (small) example, there are 40 variables,

which is not such a small integer programming problem. Table 5 is a

representation of the problem written in matrix form, and Figure 18 is

the corresponding RPM network (after Riggs and Inoue, 1975). For con-

venience, constraints [4.7] - [4.111 are referred to in Table 5 and

Figure 18 as constraint types [1] - [5]. The cascading structure of

the facilities is clearly evident in both the matrix and the RPM net-

work. Note also the high degree of triangularity11 exhibited by the

problem, and the fact that all of the non-zero elements in the matrix

are equal either to 1 or to -1. Coupled with the fact that all of

the elements in the right-hand side vector are equal to either 0 or 1,

this suggests a strong natural tendency toward integer solutions

(Wagner, 1970). Sometimes problems with such tendencies can be solved

with existing linear programming codes, and will always give integer

results. An example of a problem with this convenient nature is the

Hitchcock-Koopmans transportation problem (Hadley, 1963). In fact, how-

ever, tests have shown that for problem [4.6] - [4.151, the solution

found by linear programming is far from the optimal integer solution,

and that "rounding" the LPsolution is usually not possible if feasibil-

ity is to maintained. As an example, the linear programming solution

11The matrix is not triangular in the mathematical sense; this state-
ment is only meant to imply that it "looks" triangular.



Table 5. Matrix representation of the example
0-1 integer programming problem.
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Figure 18. RPM network for the example problem (illustrated
for the first constraint of each type).
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for the example problem is given in Table 6. Only a casual inspection

of this table is needed to see that any attempt to generate an integer

solution by rounding will prove futile.

An exact integer solution for the problem in Table 4 has been ob-

tained by means of a cutting plane method developed by Bowman (1969).

The procedure followed in this method is, first, to solve the integer

programming problem as though it were a linear programming problem.

Then, if the result is not an all-integer solution, generate an addi-

tional linear constraint (called a cutting hyperplane) and solve the

(new) linear programming problem. This procedure is repeated until

an all-integer solution (which is optimal) is found, or until an in-

feasibility indicator is received. The foundations of this approach

were constructed by Gomory (1958), and since that time, numerous tech-

niques have been proposed for generating "deeper" cuts in order to

speed convergence. Perhaps the most notable success in this endeavor

(for certain types of all-integer problems) has been that of Martin

(Geoffrion and Marsten, 1972), whose technique has been able to suc-

cessfully solve 0-1 problems with as many as 7000 variables. Bowman's

method is essentially an efficient way of generating Martin's deep

cuts. As presently programmed for use on the Oregon State University

CDC 3300 computer, however, the method is limited to a total of 100

variables and constraints. Thus, the problem in Table 5, with 40

variables and 46 constraints, is near the upper limit of its present

capability. The all-integer optimal solution to this problem is exhib-

ited in Table 7. Computing time on the CDC 3300 to obtain this solu-

tion was 38.4 seconds, which is actually much faster than times reported
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Table 6. OPTIMAL LINEAR PROGR11MING SOLUTION FOR THE EXAMPLE PROBLEM.

MAXIMUM OBJECTIVE = -7oo.oa0000
COLUMN IN!!ICATOP AMOUNT 0 JECTIVE

Xliii 9ASIS .333:333 00.0100042
X1121 BASIS .333333 800.0000CC
X1312 BASIS .333333 1000.000000
X2111 BASIS .333333
X7121 BASIS .333333 1100.000000
X2312 BASIS .333333 900.00000
X2t+12 LOWER LIMIT
X2322 LOWER LP1IT 0 00. 0000042
X32j.1 BASIS .333333 1000.0000042
X3112 BASIS .333331 iL+0C.00000fl
X3322 BASIS .333333 t200.00000mXt1i BASIS .333333 3500.0000042
X1+i21 BASIS .33.3333 2000.0000042
X1#L,12 BASIS C 42C.0000O0
X+22 BASIS .333333 12.00042
X5111 BASIS 0 600.0000042
X5211 BASIS .333333 7.000
X5'+12 BASIS 0 10U42.30000
X5322 BASIS .333333 700.000000
X5422 BASIS .333333 900.000000
X6211 BASIS .333333 3.13C00
X6221 BASIS C 12.000000
X6312 BASIS .333333 700.000000
X6412 BASIS C 700. 00000
X6322 BASIS .333333 700.0000042
X6i+22 BASIS C 700.0000042
Xiii BASIS .333333 -10.000000
Y211 BASIS .333333 -0.000000
X121 BASIS .333333 -600.000000
X221 LOWER LIMIT 0 -500.000420r
X312 BASIS .333333 -1100.000000
Xt&12 BASIS 0 -700.000000
X322 BASIS .333333 00.0300042
Xe22 BASIS .333333 -700.000002
Xli BASIS .333333 -20420.000000
X21 BASIS .33.3333 -2200.0OC1Q
X12 BASIS .333333
X22 BASIS .313333 -2000.00420042
Xl. BASIS .333333 -1030.0000O42
X2 BASIS .333333 -16000.00000r



Table 7. OPTIMAL INTEGER PROGR11MING SOLUTION
FOR THE EXAMPLE PROBLEM.
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4AXtMUM tNTEGER OBJECTIVE -9600. 000000

COLUMN aMou,r O9JECTIv

Xtii.1 1.080000 3000.000000
X1121 800.00)00!)
X1312 0 l000.000810
X2111 1.000000 3200.0000')!)
X2121 U iioo.0000
X2312 0 9Q0.000001
X2t+j2 0 600.0000
X2322 0 800.000000
X3211 1.000000 1000.00080!)
X3312 0 1f00.00000!)
X3322 U 1200. 00000flXj1j 1.000010 1500.000810
Xt+121 0 2000.8000!)!)

0 900.0000!)!)
XL+Ls.22 0 1200.000001
X5t11 0 600.000000
X5211 1.000000 700.0000!)')
5412 0 1010.00100

X5322 0 700.00080!)522 U 900.00000!)
X6211 1.000000
X6221 0 1200.00000!)
X6312 U 700.000000
X6L#12 I 700.000000
Xo322 0 700.000001
X5422 0 700.00000!)
Xiii 1.000000 -1000.000000
X211 1.000000 -808.000000
X121 0 -600.00000!)
X221 U -500.0000011
X312 1) -1100.0000f)0
X+12 0 -700. 000000
X322 0 -300.000000
X.22 0 -700.000000Xli 1.000010 -2000.000000
X21 0 -2200.000000
X12 U -1800.000001
X22 0 -2000,000000
Xi 1.000000 -1000.00000U
X2 0 -16000.000010
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for many problems of similar size by Geoffrion and Marsten (1972). The

Geoffrion-Marsten study is a state-of-the-art analysis of integer

programming algorithms, and includes computational experience with a

great many commercial codes. With reference to the example problem in

Table 5, it is interesting to note that the optimal linear programming

solution was obtained in 21.1 seconds after 50 iterations, and only a

single cutting hyperplane was required to force the integer solution.

While the 0-1 integer programming model in [4.6] - [4.15] can be

solved for small problems, present integer programming codes are not

usually suited to problems with more than a few hundred binary variables

(Geoffrion and Marsten, 1972). The single notable exception is the

work of Martin, but his largest applications (of up to 7000 variables)

have usually included only a few (perhaps 150) constraints. Computa-

tional effort in the linear programming step of the algorithm is

strongly influenced by the number of constraints. In general, the

number of constraints (m) and variables (n) in the model [4.6] - [4.15]

is given by

n
= kji 'ijk2

+
'3jk2 +

K.1 + L [4.16]

if parcel i can feasibly be assigned to cableway
where

=
j which has been emplaced for yarding system k

1J
at landing 2;

0 otherwise;

1 if cableway j can be emplaced for yarding system

3jkL = 1
k at landing 9,;
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1 if yarding system k can be installed at landing 9.;

0 otherwise;

L = the number of acceptable landing sites in the planning

area.

mn+P [4.17]

where P = the total number of parcels in the planning area which

are to be scheduled for harvest.

Suppose that a planning area of 200 acres, which has been dissected in-

to 1/4-acre parcels, is being considered, and that five landing sites

are available on the area. Assuming that:

four alternative yarding systems are available, each of which

could be installed at any landing;

15 feasible cableways could be emplaced for each yarding sys-

tem at each landing;

20 parcels could be harvested by means of each cableway;

then n = 6325, and m 7125, which is a very large integer programming

problem. As the planning area considered above is by no means a

"large" forest planning area, it does not appear reasonable to expect

that present integer programming codes are capable of solving the type

of problem addressed in this study for any planning area of practical

size. It would be possible, of course, to reduce the size of the
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problem by increasing the area represented by each timber parcel. In

doing so, however, there would be a substantial risk of oversimplifying

the problem to the point that the feasibility and cost analysis dis-

cussed earlier would lose its meaning. Rather than accept such an

oversimplification, the approach adopted in this study was to develop

a heuristic algorithm specifically to solve the forest harvesting

problem. This algorithm is presented next.



V. A HEURISTIC ALGORITHM FOR SOLVING
LOCATION-ALLOCATION PROBLEMS WITH
CASCADING FIXED CHARGES

This chapter describes an approximation method which was developed

in an effort to find satisfactory feasible solutions to location-

allocation problems of the type investigated in this dissertation. The

first section of the chapter presents a detailed mathematical descrip-

tion of the algorithm, and a simplified explanation with a brief nuiner-

ical example is given later in the chapter. A summary of the operations

performed during execution of the algorithm is given in Table 8.

Mathematical Description

Throughout the discussion of the algorithm, frequent reference is

made to "facilities" 2, (k2), and (jk5). In the context of the forest

harvesting problem, these refer to the following:

= the index of a specific landing;

(k2,) = the index of a specific yarding system installed at

landing Z;

(jk2.) = the index of a specific cableway emplaced for yarding

system (kL) at landing Z.

With regard to the specific problem being solved, the algorithm makes

the following assumptions:

The objective is to maximize the total expected value of the

timber parcels in the planning area, net of cascaded fixed

costs.

No more than one yarding system may be installed at any

118



Table 8. STJNMARY OF THE HEURISTIC ALGORITHM FOR SOLVING LOCATION
ALLOCATION PROBLEMS WITH CASCADING FIXED CHARGES.

Step Description

1 Initialization.

1,1 Sometimes certain timber parcels can only be harvested by a
specific facility. Install any such facilities and assign the
appropriate parcels to them, but permit no more than one yard-
ing system (k2) at any landing 2.

1.2 Assign as many parcels as possible to the facilities established
in Step 1.1, without regard to the total value of those assign-
ments.

1.3 Improvement check: reassign parcels among facilities in such a
manner that the total value of those assignments is maximized.

1.4 Establish facilities to serve the remaining parcels so that,
for each parcel, the sum of its value minus incremental, fixed
costs is maximized. Permit only one yarding system (k2.) at any

landing 2. At the conclusion of this step, either an initial
feasible solution will have been found, or the problem is in-
feasible.

2 Drop uneconomical facilities.

2.1 Drop any facility, say in, unless it was the most recently added
facility during the previous pass though Step 3 or the present
pass through Step 2, for which the additional cost of using
other facilities to harvest the parcels currently assigned to m
is more than offset by the reductions in fixed cost which will
result from the closure. Do not, however, drop m unless the ac-
tion can be taken without installing more than one yarding sys-
tem (k2) at any landing 2.

2.2 Allocate, among the remaining facilities (plus any which were
added to retain feasibility), the parcels which were previously
assigned to m. Execute these reassignments so that the total
value of the resulting solution is maximized.

2.3 If Step 3 has not been executed at least once, go directly to
it. Otherwise, if at least one facility was dropped in this
pass through Step 2, or if at least one facility was added in
the previous pass through Step 3, then go to Step 3. Otherwise,

the solution obtained at the end of Step 2 cannot be improved
further by this algorithm; therefore, exit.
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TABLE 8. (Continued)

3 Add facilities which will improve the solution.

3.1 Add any facility, say n, for which the incremental, cascaded
fixed costs will be more than offset by improvements in value
of parcels which could be assigned to n. Do not, however, add
n if the action will result in the installation of more than
one yarding system (kZ) at any landing .

3.2 If a facility was added in Step 3.1, then redistribute the tim-
ber parcels among all current facilities so that total value is
maximized.

3.3 If at least one facility was added in this pass through Step 3,
or if at least one facility was dropped in the previous pass
through Step 2, then return to Step 2. Otherwise, the solution
obtained at the end of Step 3 cannot be improved further by
this algorithm; therefore, exit.
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landing.

3. Timber parcels are indivisible (i.e. the assignment of timber

parcel i to facility (jk2) connotes that the entire parcel is

to be harvested by means of that facility).

All of these assumptions are consistent with the 0-i integer program-

ming formulation presented in Chapter IV.

Before describing the algorithm in detail, it will be useful to

define the following:

A {indices (jk) of facilities which have been assigned};

U = {indices (jk) of facilities which have not been assigned};

a = {indices i of timber parcels to which facilities have been

assigned (this set contains all I after initialization,

unless the problem is infeasible)};

u = { indices i of parcels to which facilities have not been

assigned (this set is empty after initialization, unless

the problem is infeasible)};

A = { indices 2. of landings to which yarding systems have been

assigned};

fl = {indices (k&) of yarding systems which have been assigned

to landing };

= { parcels i presently assigned to facility (j1. )};

= {parcels i which could be assigned to facility (jki) if

it were established};

rk2. = the index of the last facilty (jI.) dropped during the

execution of the algorithm; similarly, and are

defined for facilities (kit) and 9.};
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r.k = the index of the last facility (jk.) added during the exe-

cution of the algorithm (not including initialization);

and are similarly defined for facilities (k2) and i.

STEP 1. Initialization.

First, initialize all lists. U initially contains all (jk2.); U

contains all i. The set of lists should be compiled by a rigor-

ous feasibility analysis such as that discussed in Chapter III. All

other lists are initially empty.

Step 1.1 Establish all facilities (jk2) for any ic!ki for which

for every (j'k'2,')(jki). This says that parcel i can be

harvested by one and only one facility, (jk2). Therefore, (jk9) must

be established if a feasible solution is to be obtained. Raving

established such facilities, revise lists and
jki

Next,

construct lists A and JI from A. For any £cA, if fl contains more

than one (k2,), then the problem is infeasible; exit.

Note that the establishment of any facility (jk2) necessitates

the establishment of facilities (k&) and £, unless they are already

in place. The heuristic rule applied in this step is that facilities

(kL) and 2.. need not be considered explicitly, except to judge feasi-

bility.

Step 1.2 Assign as many parcels i as possible to each of the

facilities (jkL) added in Step 1.1. This is accomplished simply by

assigning, for all (jk2,)A, every iufl That is, the list of

currently assigned facilities is scanned, and every parcel which
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could be assigned to those facilities is added, so long as it has not

already been assigned to some other facility. No effort is made to

maximize the value of these assignments; they are simply made in the

order In which facilities are listed in A. Heuristically, the algo-

rithm seeks feasibility as quickly as possible, and leaves value

maximization for the next step. After the above assignments, revise

lists a, U, and

Step 1.3 Improvement check. The purpose of this step is to im-

prove upon the assignments made in Step 1.2 (those made in Step 1.1 are

fixed in order to provide feasibility and hence cannot be improved).

For each ica, compute

v' max {v,. }
1

(jk9)cA
ijk2

where v..kJ = the expected value of parcel i if it is harvested

by means of facility (jk2).

Then, assign parcel i to the facility (jk2) corresponding to v. Fixed

costs are not considered in this evaluation because they have already

been incurred for all (jk2.)cA. Following any re-assignments in this

step, revise list

Step 1.4 Complete the initialization by adding facilities as

necessary to obtain an initial feasible solution (i.e. to insure that

all timber parcels can be harvested). To choose a facility to be

added, compute

5.1]
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v* = -
k2

-F +
(jk)cU:{[AJ U[EA fl(k)ell]} {

jk icUflT{vijk] [5.2]

where F. = the incremental fixed cost which would be incurred
j k9,

if facility (jk2.) were established.

This criterion states that the facility to be added should maximize the

sum of parcel values which can be harvested via that facility, net of

incremental fixed costs required to establish the facility, and that

only facilities should be considered which are either (a) at a landing

to which no yarding system is currently assigned, or (b) can be affixed

to the yarding system at an established landing.

Only incremental fixed costs are considered in computing Vk

because some portion of the total cascaded fixed cost associated with

(jkL) may already have been incurred as a result of some previous

facility assignment. Specifically, if some other cableway (j'k'2,')cA

has already been established, and if Q'% , then landing £. has already

been established and its fixed costs incurred. Furthermore, since no

more than one yarding system can be installed at any landing, it

follows that the F. are defined as follows:

if 9.tA, then jk& = + +

if 2.,cA and (k2)eIt, then F.k =

otherwise, Fjk = (i.e. the facility cannot be established),

where = the cost of emplacing cableway (jk2.);



= the cost of installing yarding system (k2);

f, = the cost of constructing landing £.

If a is found which satisfies either (a) or (b), establish (jk2.)

and assign to it all icu n!kL. Then revise lists , ,

A, and fl. Then execute the improvement check (Step 1.3), and repeat

Step 1.4 for the remaining icu.

If for any icu a Vk2, cannot be found which satisfies either

(a) or (b), then the problem is infeasible; exit. Otherwise, at the

conclusion of Step 1.4 an initial feasible solution will have been

found. Then go on to STEP 2.

Before continuing the discussion of the algorithm, it is worth-

while to note that criterion [5.2] is somewhat analogous to the con-

cepts of local demand, used by Kuehn and Hamburger (1963), and local

volume, used by Feldman, Lehrer, and Ray (1966). As with both of

those concepts, there is no theoretical justification for using [5.2]

in the manner outlined in Step 1.4. That is, it does not necessarily

generate the "best" starting solution. Coinputationally, though, it

seems to perform well; for small problems it almost always finds the

optimal solution immediately. Heuristically, it is a reasonable cri-

terion because one would expect many of the timber parcels "closest"

to a specific facility (jk2) to be assigned to that one facility in

the optimal solution. This is essentially the idea of the Kuehn-

Hamburger and Feldman-Lehrer-Ray techniques, but [5.2] also takes into

account some measure of the fixed costs associated with each facility.

No consideration is given to fixed costs during initial assignments

in either the Kuehn-Hamburger or the Feldman-Lehrer-Ray technique. In

125
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the forest harvesting problem it is not appropriate to ignore fixed

costs during the initial assignments because of their cascading struc-

ture and the fact that they typically exhibit a high degree of variance.

Experience with an earlier version of this algorithm which considered

only parcel values and cableway emplacement costs showed, in fact,

that the initial feasible solutions obtained with that method were

often very poor and could lead to situations where the algorithm

stalled in later steps at a solution that was far from optimal.

STEP 2. In this step uneconomical facilities are dropped, and the

parcels previously assigned to them are redistributed among the re-

maining facilities (plus any which have to be added in order to retain

feasibilityj.

Step 2.1 To make it worthwhile to drop any facility, say (jk2),

the additional costs of using other facilities to harvest the parcels

presently assigned to facility (jk2) must be more than offset by the

reductions in fixed cost which will result from the closure, plus any

improvements in parcel value which might result. The criterion used

for this purpose by Feldman, Lehrer, and Ray (and the related criteria

developed by Sá (1969) and Khumawala (1971) for similar problems) con-

siders the advantage of transferring, to some other single facility,

all customers (parcels) presently assigned to the facility which is

being evaluated for closure. This is not an appropriate criterion

for the forest harvesting problem, because it is rarely possible

(due to the large number of infeasible routes in the problem) to make
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a wholesale swap of facilities in that manner. A criterion which con-

siders the reallocation of the presently served parcels among multiple

facilities is used here. This"drop criterion", 5ki' is computed for

every {(jk9.)cA:(jk2)trkL}, as follows:

tSik2, = jk9.
+ 'jk2.

+ 1JkL{( 'k')UuA
{v.. Vk?t ijkFj ?kt'J}

[5.3

(j 'k'S')(jk2.)

where F.kL = the incremental fixed cost saved by closing facility

(jkL);

I = the improvement in total value due to shifts which
j kL

could be made via the improvement check (Step 1.3)

if facility (jki) were dropped;

= the incremental fixed cost incurred if facility

(j'k'9.') has to be established.

To insure feasibility, any (j'k'.Q')U must also meet the requirement

that either £'tA or 2,'Afl (k'2.')llL,. If for any this re-

quirement cannot be met and there are no (j'k'2')cA then facility

(jk2.) cannot be dropped.

Note that in computing criterion [5.3], any possibility of closing

the facility which was most recently added (usually during a previous

execution of STEP 3) is specifically excluded. The purpose of ex-

cluding this facility, (jk2,)cr!k, is to reduce the possibility of



Then consider first the facility for which is minimized. Note,

however, that although criterion [5.4] specifies the order in which
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cycling. If a facility were to be dropped which had just been added,

it is possible that in STEP 3 it would be added back again, and so on.

Thus, it is simply not considered as a candidate to be dropped, al-

though it may again become a candidate in some later pass. This

method of reducing the possibility of cycling resembles one used by

Shannon and Ignizio (1970) in a similar context.-

During any pass through STEP 2, is computed for all

{(jk9.)EA:(JkL)tr2,}. If, for any such (jk2,),
jk>°'

then it is

worthwhile dropping facility (jk2). If on the other hand cSkJO no

apparent improvement can be made by dropping (jk2) at present. In

this case, continue computing tS.k, for the remaining facilities to

be evaluated, or, if the list has been completed, go on to Step 2.2.

Note that if 5k2,=0 for any (jkL), the solution obtained by drop-

ping facility (jk9.,) would be an alternate to the present solution

with the same value of the objective function. The algorithm does not

investigate any such alternate solutions.

REMARK 1. Experimentation with this algorithm has shown that the order

in which facilities are evaluated by equation [5.3] can significantly

influence the final result. To capitalize on this fact, decide which

facility to consider first by computing, for each {(jk2)A:(jkL)trk),

°jk = jk
+

ic {vjjkl} [5.4]
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facilities are to be considered during STEP 2, it does not guarantee

the order in which they will actually be dropped. Infeasibilities may

cause a high-priority facility to be retained, but permit a low-priority

facility to be dropped.

Step 2.2 Once the decision to drop facility (jk2) has been made,

the related decision of how to reallocate the parcels presently served

by (jk2) must also be made. In keeping with criterion [5.3], compute,

for each ic ,

j k9..

(i)

jk
= max - -

where (jk2.) and (j'k'9..') are restricted as in [5.3].

Then remove parcel i from (jk2.) and assign it to the (j'k'Q') corres-

ponding to . Having done this, revise lists A, U, A, II2,
and

and place the index of (jkL) in r.k. Also, if dropping facility

(jk2) required that facility (j'k'2.') be added, place the index of

(j'k'2') in r.kL. Then execute the improvement check (Step 1.3), and

repeat Steps 2.1 and 2.2 for the remaining {(jk9.)A:(jk2)r!k}. When

the list of (jk9.)A has been exhausted, go on to Step 2.3.

REMARK 2. The description of STEP 2 has to this point been concerned

only with dropping cableway facilities (jkL). In fact, however, the

algorithm also considers the possibility of dropping yarding systems

(kZ) and landings 9.. In either case, at least one but possibly many

facilities (jk9..) would be dropped as a consequence. The procedure for

[5.5]
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evaluating these options is essentially the same as outlined above,

except that this "imbedding" of attached facilities must also be con-

sidered.

The criterion corresponding to [5.3] which is used to evaluate

whether to drop facility (k2) is the following:

Fk+ 1kL

[5.6]

+ J Ii jk{(j:U UA
-V. kL'V) }-k']

(j'1' )ji)
where Fk9,, 1k' and are analogous to jkQ' 'jkJ.' and Fjtk?!

in equation [5.3].

This criterion is computed for every {(k)r:[(kJ.)dflLfl2.cA]}. If

then it is worthwhile dropping facility (k2.); otherwise, it is

not.

Similarly, to evaluate the utility of dropping facility 2., compute

= +

[5.7]

k i.k2.{(.,Z,)UuA[1Jz _vJkZFJt2.tJ}FkI] L'

(j'k2.' )#(jk2.)

where similar analogies hold as between [5.6] and [5.3].
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This criterion is computed for every {9.cA:Ur}. As above, if (52>0,

then landing . is dropped; otherwise, it is not.

Regardless of whether a cableway (jkZ), yarding system (k2,), or

landing 2 is dropped, the parcels which are "freed" by that action are

allocated among the remaining facilities (and any which must be added

to retain feasibility) via equation [5.5].

Again, experimentation has shown that the order in which yarding

systems or landings are considered for dropping is important, just as

it is with cableways. Thus, order criteria are computed for these fa-

cilities which are analogous to equation [5.4] for cableways. These

criteria are the following:

(a) for yarding systems,

[5.8]

(b) and for landings,

= + + + ijk2{vjk2}]}
[5.91

These criteria are applied in the same way that equation [5.4] is ap-

plied for cableway evaluation.

Although the presentation here has considered cableways first,

the current implementation of the algorithm acutally considers dropping

landings first, followed by yarding systems and then individual cable-
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ways (Figure 19). The purpose of evaluating the facilities in this or-

der is to give "first chance" to dropping those facilities which typi-

cally cost the most.

Step 2.3 This step is a decision point from which the algorithm

either continues in an attempt to improve the current solution, or

exits. If STEP 3 has not been executed at least once, proceed directly

to it. Otherwise, if r.kL = rk = = {} (i.e. no facilities were

dropped during this pass through STEP 2) and = r r={} (no

facilities were added during this pass through STEP 2 or during the

previous pass through STEP 3), then exit; otherwise, go on to STEP 3.

STEP 3. In this step facilities which will more than reover their

fixed costs are added, and the timber parcels are redistributed among

both the new and old facilities in an effort to maximize the total

value of those assignments.

The procedure in STEP 2 may add facilities as a consequence of

dropping those for which the drop criterion is strictly positive.

Where possible, however, it will simply consolidate the allocation of

parcels among the facilities established in STEP 1 without adding new

ones. Since, as a result of the operations in STEP 2 the structure of

initial allocation (which was somewhat arbitrary anyway) may have been

changed, it is possible that some facilities have now become attractive

candidates for addition. STEP 3 is designed to add any cableway which

will improve upon the present solution as measured by the value of the

objective function.
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Step 3.1 The procedure at this step is to compute, for all

{(jkS)ctJ:(jk2.)r.k}, an "add criterion", as follows:

jk = j'

134

, )oJ} [5.10)

where = the incremental fixed cost incurred if facility (jk)

is added;

'jk
= the improvement in total value due to shifts which

could be made via the improvement check (Step 1.3)

if facility (jkL) were added;

= the incremental fixed cost saved by closing some

part of facility (j'k'.Q').

If ckO for any {(jk2)cU:(jk2.)f.k,}, then no apparent improvement

can be made in the objective function by adding facility (jk2) at

present. Therefore, continue computing criterion [5.101 for the re-

maining facilities to be considered for addition, or, if the list has

been exhausted, go on to Step 3.3. If on the other hand cL.k>O, then

it is worthwhile adding facility (jk2.); therefore, proceed to Step 3.2.

REMARK 3. Note that in [5.10] the maximum is taken over a function

similar to that in equation [5.3], except that here those cases are

not considered for which the result of (v.. -v, , ,+F., , ,) is less
ijk2. ijkZ jk

than zero. Such cases had to be considered in [5.3), because if the

facility in question were to be abandoned, the full consequence of



135

that action would have to be absorbed. The present step, however, is

evaluating the possibility of adding a new facility, (jk2.). If that

facility is added, there is no requirement that all of the parcels

be harvested by means of it. Rather, it only makes good economic

sense to assign parcels to the new facility if they will result in an

improved solution. In some cases, of course, this may be all of them.

Step 3.2 To add any facility (jk) for which cL.k>O, revise lists

A, U, A, and II. At the same time, remove from these lists the indices

of any facilities which can be dropped as a result of adding facility

(jk2). Then, to redistribute the timber parcels among all current

facilities so that total value is maximized, execute the improvement

check (Step 1.3), and revise the lists Place the index of the

facility added into r.k (and update r and r. if appropriate); also,

place the index of any facility dropped into r.k (rk,, r,). Then re-

peat Steps 3.1 and 3.2 for the remaining {(ik)E1J:(ik2.)trk}. When

the list of (jk2.)cTJ has been exhausted, go on to Step 3.3.

REMARK 4. In contrast to the procedure for considering facilities to

be dropped (STEP 2), the algorithm does not explicitly consider the

addition of yarding systems (k2,) or landings (2.). Typically, because

of the high fixed costs involved, one would not be interested in adding

a new landing or yarding system (given a "good" initial feasible solu-

tion) unless some other landing or yarding system were simultaneously

being dropped. Although the procedure in STEP 3 could manage this

kind of switching, STEP 2 was specifically designed to do so (and al-
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ready should have, before STEP 3 is reached). In any case, computa-

tional experience with the algorithm suggests that facilities are sel-

dom added during STEP 3. Because of the large number of infeasible

routes in the forest harvesting problem, the strength of the algorithm

seems to rest largely on the quality of actions taken in STEPS 1 and

2, although some minor improvement may occasionally result during the

execution of STEP 3.

Step 3.3 In this step the decision ismade whether to return to

STEP 2 for another pass or to exit with the current solution. As in

STEP 2, both sets of indices (rk2,, r, r, and r.kZ, rk, r) must be

empty in order to guarantee that the algorithm has found the best

solution of which it is capable. Therefore, if both sets of indices

are empty, then exit. Otherwise, return to STEP 2.

Implementation

The algorithm presented in this chapter has been coded in

FORTRAN IV, and complete computer program listings are included in

the Appendix. As with the feasibility and cost analysis programs,

these have been tested extensively, and appear to execute correctly.

Variable names used in the programs correspond as closely as possible

to those used in the preceding section, but some conventions have been

changed in order to permit the development of a more efficient code.

The programs are well documented, however, and usually any such dis-

crepancies are noted in the listings.
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Numerical Example

Consider the example problem of Chapter IV (Table 4). Although

a problem of this size can easily be solved with existing integer

programming codes, it may be helpful to demonstrate the basic procedure

of the algorithm by means of such a problem. Furthermore, the optimal

solution to the problem is already known (Table 7), and will serve as

a good check on the result obtained with the algorithm. For the pur-

poses of this example, the tableau introduced in Chapter IV will be

used to avoid the more laborious procedure of maintaining the lists

discussed during the explanation of the algorithm. As will become

clear in the example, this tableau actually contains all of the lists

implicitly.

Step 1.1

Checking Table 4, note that all parcels can be harvested over at

least two cableways. Therefore, as there is no facility which must be

established for a feasible solution, go directly to Step 1.4.

Step 1.4

Compute Vk2. Using the format in Table 9, this can be accom-

plished by summing the parcel values in each column, and then subtract-

ing the total fixed costs which would have to be incurred in order to

establish the cableway represented by that column. The result of this

operation is a V.kj corresponding to each column x.kQ; the appropriate

values for the example problem are listed in the bottom row of Table 9.
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18000 16000
X21

2000 2200 1800 2000
X111 X2]j X121 X221 X312 XLflZ X322 X22
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C-,

1

2

3

4

5

6

3000

3200

--

3500

600

--

--
--

1000

--
700

800

800

1100

--

2000

--

--

--

--

--
--

--
1200

1000

900

1400

--

--

700

--

600

-
900

1000

700

--
800

1200

--

700

700

--
--
--

1200

900

700

V.k -10700 -18300 -16900 .-19500 -14900 -15300 -15400 -15900
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It is important to recognize that since no facilities have yet been

established, and since the current step is evaluating the possibility

of adding a single cableway, all fixed charges are included in the to-

tal for each column. Thus,coliimns are considered independently. This

is equivalent to the operation in equation [5.2], excluding the maxi-

inization.

Having obtained all of the column totals, select the column with

the largest total. This total is and the cableway (jk2) should

be added. In Table 9, = -10700, which corresponds to cableway

(iii).

Next, assign to cableway all of the parcels which can be

harvested by means of that cableway and have not already been assigned

to some other facility. In the present step, since no facilities were

previously established, each parcel for which a value is listed in

column (x111) should be assigned to cableway (111). The circled values

in Table 10 represent these assignments.

Normally, after executing Step 1.4, the improvement check (Step

1.3) would be executed. In this case, however, only one facility has

been assigned. Therefore, no improvements can be made by shifting

assigned parcels among assigned facilities, and the algorithm contin-

ues by executing Step 1.4 for the remaining unassigned facilities.

Step 1.4, Second Pass

At this point it is helpful to cross out the rows corresponding

to parcels which have previously been assigned (Table 11). This is be-
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cI ,
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Table 11. STEP 1.4, SECOND PASS.
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::::::
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:::
--
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::::7Ø::
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::::E:j
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I

- - -16800 -17800 -16900 -18000



142

cause equation [5.2] considers only parcels which have not yet been as-

signed to some facility. Next, compute the for each column, adding

only the v.. for rows which have not been crossed off. In this case,
13 k2.

one facility (including a cableway, yarding system, and landing) has al-

ready been assigned. Therefore, for any column affected by that assign-

ment, subtract only the incremental fixed charge which would have to be

incurred in order to establish the facility corresponding to the column.

In the example, columns affected by the previous assignment are (x211),

(x121), and (x221). Two of these, however, correspond to yarding sys-

tem (21), whereas the yarding system currently assigned to landing (i)

is (ii) Thus, those facilities cannot be added; assign a value of -

to their V. . Select V , as before. In Table 11, V = +800,
jk9 jkL jk2

which indicates that cableway (211) should be added next.

Assign to cableway (211) all of the parcels having values listed

in column (x211) and which have not been crossed off. The resulting

assignment, including all previous assignments, is shown in Table 12.

Next, execute the improvement check.

Improvement Check (Step 1.3)

For each parcel which has been assigned to a facility, select the

largest Vi.k which corresponds to that parcel and is listed in one

of the assigned columns. This ia the v corresponding to parcel i.

Enter its value in the rightmost column of Table 12, row i.

Check the circled v . in each row against the v' for the same
ijkL 1
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PARCEL ASSIGNMENTS AND v*.
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row. If for any row the v' is greater than the circled value, then a

better assignment exists for that parcel among the currently assigned

facilities. Therefore, reassign the parcel to the column corresponding

to the v'. In Table 12, the only such reassignment indicated is for

parcel 5; it should be reassigned to cableway (

Table 13 shows the current solution at the end of the improvement

check. Note that all of the parcels have been assigned to some facil-

ity. Therefore, the initialization process is complete; an initial

feasible solution has been obtained.

At this point, the algorithm would proceed to Step 2. The opera-

tions in Steps 2 and 3 are simple to perform, but would require con-

siderable space to demonstrate and are therefore not detailed here.

For this problem, in fact, the drop and add criteria in Steps 2 and 3

all turn out to be negative. Therefore, no facilities are dropped or

added, and the algorithm terminates with the solution in Table 13.

Checking Table 7, it is evident that in this case the algorithm found

the optimal solution during the initialization step. For small prob-

lems, this is often the case. In fact, for all of the (small) problems

tested, the. initial feasible solution was optimal. This was somewhat

of a problem during the testing of the algorithm, as initial feasible

solutions which were not optimal had to be input manually in order

to create a situation upon which Steps 2 and 3 could act. For large

problems, of course, there is no reason to believe that the initial

feasible solution would be optimal. At any rate, the algorithm does

not recognize optimality as such; it can only recognize the fact that
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IMPROVEMENT CHECK.
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no apparent further improvement in the objective function is possible.

Thus, even if the initial feasible solution is optimal, the algorithm

continues through an execution of Steps 2 and 3 before terminating.

Computational Experience

Many publications describing algorithms for solving facilities

location problems include the results of extensive computational exper-

ience. Recently, in fact, there have been efforts to standardize the

test problems which are solved; Geoffrion (1969), for example, has

described about 30 all-integer (0-1) programming problems which have

been used by numerous authors for computational testing. Certainly

there are advantages to such standardization, particularly when gener-

alized algorithms are being tested. In the present case, however, the

algorithm has been developed to solve a specific class of problems

which has not previously appeared in the literature. To provide exten-

sive computational experience, therefore, numerous problems similar to

the example on the preceding pages would have to be generated and

solved. Such problems are too small to be of practical use in forest

management, however, and the approach here has therefore been to concen-

trate instead on the solution of a single problem of practical size,

which is presented in the next chapter. For the purpose of develop-

mental testing, of course, several small problems similar to the example

above were solved with the algorithm; the average computation time on

the CDC 3300 for those problems was about 6 seconds. The optimal

solution was obtained in all cases. Computation times for the integer
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programming algorithm described in Chapter IV to verify the optimal

solution averaged about 35 seconds. All of the problems were funda-

mentally similar, and contained between 35 and 45 variables. The

number of constraints for such problems is always related to the

number of variables by the expression in equation [4.17].



VI. APPLICATION OF THE METHODOLOGY

As this study has been directed primarily at the development of a

methodology to assist in the planning of forest harvesting operations,

it will be useful to apply the methodology to an actual planning area

in order to demonstrate both its capabilities and its limitations. For

this purpose a portion of the Harvey Creek watershed on the Siuslaw

National Forest, near Reedsport, Oregon, has been selected (Figure 20).

The planning area itself consists of two small drainages which are

tributary to the North Fork of Harvey Creek (Figure 21). Access to

the area, which is about 262 acres in size, is by means of the primary

road shown in Figure 21 (F.S. 2138 in Figure 20). Secondary roads

indicated in Figure 21 are included in the transportation plan of the

Siuslaw National Forest, but have not actually been constructed. The

timber on the area, which is entirely unharvested, varies from young-

growth to old-growth, with most of the area being occupied by fairly

large second-growth Douglas-fir (Figure 22 and Table 14). The area of

the Oregon Coast Range in which the planning area resides is coimnonly

called the "Smith-Umpqua Block" as it lies near the confluence of the

Smith and Umpqua Rivers (Figure 20). It is characterized by deeply

dissected landforms, highly unstable soils, and large, commercially

attractive timber (McNutt, 1976). Because of the instability of its

soils, all harvest operations in the area were suspended in 1970 sub-

ject to the development of an environmentally acceptable harvest plan.

Such a plan would limit road construction to a low-density, ridgetop

148



GARD IN ER

FRANZ

REEDSPORT

WINCHESTER
BAY

DOUGLAS CO.
COOS CO.

012345
I I I

MILES

-_- HIGHWAYS
COUNTY ROAD
PRIMARY FOREST ROAD

Figure 20. Location of the planning area
(Siuslaw National Forest, Oregon).

3

SULFUR
SPRINGS

PLANNING
AREA

eI

149



FT
C 1,000 2,000

0 300 600
M

CONTOUR INTERVAL: 80 FEET
PRIMARY ROAD
SECONDARY ROAD

0 PROPOSED LANDING SITE
INTERMITTENT STREAM
MAJOR STREAM (NORTH FORK,

HARVEY CREEK)
P1._A N 14 I NG ARE4A

Figure 21. Topographic map of the planning area.

150



FT
o i000 2000

I I 1

0 300 600
M

'I YOUNG-GROWTH DOUGLAS-FIR (DF)
2 SECOND-GROWTH DF
3 MIXED SECOND-GROWTH DF, OLD-GROWTH DF, AND HARDWOODS
4 MIXED SECOND-GROWTH DF AND HARDWOODS
5 SECOND-GROWTH DF ON ROCKY SOIL
6 LARGE, SECOND-GROWTH DF
7 MIXED HARDWOOD AND YOUNG-GROWTH DF

Figure 22. Vegetative type map of the planning area.
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Table 14. DESCRIPTION OF VEGETATIVE TYPES ON THE PLANNING AREA.

1Site Class is an index of the relative capacity of an area for timber production. Site I is the
highest classification; Site V is the lowest.

2A "log" is assumed to be 32 feet in length

3DBH = tree diameter, measured outside the bark, at breast height (about 4-1/2 feet above the ground).

H
Ui

Attribute Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7

Area Covered (ac) 73 67 37 22 35 21 7

Site Class1 III IV IV IV III III V

Stand Age (years) 85 125 125 75 105 75 55

Trees per acre 90 91 52 81 54 79 91

Logs per tree2 2.5 3.0 3.5 1.0 3.0 2.5 2.5

Average DBH3 (inches) 17 22 25 20 20 26 18

Maximum DBH (inches) 40 66 78 60 42 64 76

Volume per acre (fbm/ac) 30500 63200 69600 21500 31500 59200 33800

Volume per log (fbm/log) 140 230 380 260 190 300 150

Wood Density (lbs/fbm) 8.5 8.5 8.5 8.5 8.5 8.5 8.5
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network such as that shown in Figure 21, and would insure that the har-

vesting systems used would be capable of full or partial suspension of

logs, as prescribed, in the vicinity of streams or areas of unstable

soils (McNutt, 1976). Thus, the area appears well suited to the kind

of analysis developed in the present study. Ax' additional consideration

of some importance is the fact that the Siuslaw National Forest has

recently completed the collection and organization of a physical data

base for the Harvey Creek watershed which is sufficient to provide the

kind of information needed for the methodology described in this study.

Fixed Grid Mapping

To describe the planning area digitally, a 100-foot fixed grid was

superimposed over the area. The average elevation, vegetative type, and

an appropriate physical feature were then recorded for each of the result-

ing 10,000-square-foot parcels. Figure 23 illustrates this method for

the physical features. Note that a buffer strip has been provided along

the major stream, and that both full and partial suspension ("restricted

yarding") have been specified along portions of the two tributary

streams. The rectangular boundary in Figure 23 shows the limits of the

fixed grid matrix which was required in order to describe the irregularly

shaped planning area. The entire matrix contains 40 rows and 55 columns;

part of a summary table from the matrix is given in Table 15. It is

interesting to note that the digital map had to be extended several hun-

dred feet to the west of the major stream. This was necessary in order
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Table 15. PORTION OF A SIJNMARY TABLE FOR THE
PLANNING AREA DATA MATRIX.

1Entries have been extracted from the matrix in order to demon-
strate nomenclature and convention; they are not in order.

2Vegetative type codes correspond to those in Figure 22, except
that code 99 indicates that the parcel is outside of the planning
area (i.e. it is not to be harvested).

3Physical feature codes are as follows:

O = parcel is outside of the planning area
1 = full-log suspension is required over this parcel
2 = partial suspension of logs is required over this parcel
3 = parcel is a buffer strip or other no-cut area within

the planning area
4 = road
5 = landing
99 = ground skidding of logs is permitted
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Matrix1
Elevation

Vegetative
Type2

Physical
Feature3Row Column

16 430 99

3 17 430 4 3

3 18 460 4 1

4 21 500 4 2

5 30 1020 5 99

11 38 1370 5 5

11 43 1300 5 4



12
The use of trade names in this paper is for information only and
does not imply endorsement.
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to provide data for tailholds to be located on the hillside above the

stream in the manner suggested earlier in Figure 6. As a result, the

physical land area which had to be described in order to "cover" the

262-acre planning area is actually 505 acres. Methods exist for re-

ducing the storage requirements occurring in such cases (see, for exam-

ple, Miidon and Akin, 1971), but these have not been investigated in

the present study.

Yarding System Alternatives

The yarding systems selected for study in this application are

of three basic configurations: highlead, running skyline, and live

skyline. Specifically, the four yarding systems considered are as

follows:

Madill 071 West Coast Tower'2 (highlead) -- a medium-sized

(284 hp), mobile yarder with a vertical, steel tube tower,

mounted on a self-propelled crawler. Although the 071 is by

design a live skyline yarder, it is frequently operated in

highlead configuration.

Smith-Berger Marc V (running skyline) -- a medium-sized (300

hp), mobile yarder with an inclined, swinging boom, mounted

on a self-propelled, rubber-tired undercarriage.
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Skagit BTJ-199/T-11OHD (live skyline) -- a heavy (556 hp) yarder

with a vertical, steel tube tower, mounted on a self-propelled,

rubber-tired undercarriage.

Skagit BU-90/T-90 (live skyline) -- a heavy (510 hp), trailer-

mounted yarder with a vertical, steel tube tower.

The choice of these yarding systems is somewhat arbitrary, as many sim-

ilar systems could be selected which might operate as well under the

conditions specified for the planning area. The four systems selected,

however, have recently been the subject of detailed time studies

(Dykstra, 1975; Van Winkle, 1976a), and the data which are available

for them are therefore more comprehensive than those which are normal-

ly available for comparable systems. A summary of the data pertinent

to this study Is contained in Table 16. Supporting cost information

and calculations are included in the Appendix. The yarding regression

coefficients listed in Table 16 were adapted from Dykstra (1975) and

Van Winkle (l976a). The cableway emplacement parameters and delay co-

efficients (also in Table 16) are based upon analyses by Van Winkle

(l976b) and McGonnagill (1975).

Table 17 summarizes the maximum expected number of logs per turn,

which is a function of both yarding system and timber type. These

values were estimated by considering the lateral yarding capabilities

of each yarding system (Table 16) and the distribution of trees in each

timber type (Table 14). Other data in Table 17 relate to the proposed

landing sites, which are shown in Figure 21. Detailed calculations



Table 16. YARDING SYSTEM DATA FOR THE ACTUAL APPLICATION.

Attribute

System Type
Maximum Reach (ft)
Maximum Lateral Reach (ft)
Mainline Unit Weight (lbs/f t)
Haulback Unit Weight (lbs/f t)
Skyline Unit Weight (lbs/f t)
Maximum Safe Tension (ibs)
Butt Rigging or Carriage Weight (lbs)
Spar Height (ft)
Maximum Tailtree Height (ft)
Full Suspension Clearance (ft)
Partial Suspension Clearance (ft)
Minimum Acceptable Turn Volume (fbm)
Total Yarding System Cost ($/hr)
System Installation Cost ($)
Cableway Emplacement Parameters:

ct (mm)

a1 (min/ft)

a2 (min/ft)

a3(min)
Yarding Regression Coefficients:

o
(mm)
(min/fbm)

2 (min/fbm)
3(min/ft) equation [3.19]
(mln/ft)

5(min/log)

6 (min/pct)

Delay Coefficient

equation [3.261

Yarding System

Highlead
965
50
1.42
1.04

26500
300
50
0

0

0

200
74.54

600

3. 6953

2. 8797x103
-4. O344xlO

1. 6996x103
0
0

0
1.15

Running
Skyline
2000
150

2.14

1.42

26500
850

50
100
50
20

200
92.09

800

3.1905
1. 0030x103
-1. 0625x103
2.3369x103
1. l857xl02
0

0

1.20

Live
Skyline
3950
200

1.85
1.04

2.89
53300
3500
110
100
50

20

200
115.51

3195

Live
Skyline
2000
200

1.04
0.72
2.34

43300
3500

90

100
50
20

200
96.58

925

2.4973 4.8252
2. 4064xl0 6.0306xl04

-1. 1453xl0 1. 3634x10

l.9075x10 1.46l8xl0
l.6689xl02 l.8331x10 2

5. 3080xl03 8. 9508x102
7.3780xl03 0

1.25 1.20

5.2 18.1 20 10

0.023 0.015 0.05 0.04
0.208 0.166 0.200

10 15 20 20

1 2 3 4



Table 17. ADDITIONAL DATA FOR THE ACTUAL APPLICATION.

A. Data Related to Timber Type

1Estiniated after McNutt (1976).

Landing Data2

2Calculations and supporting data are given in the Appendix.
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Timber Type

1 2 3 4 5 6 7

Maximum Expected Logs Per Turn:

Yarding System 1 3 3 2 2 2 2 3

Yarding System 2 4 4 2 3 2 3 4

Yarding System 3 6 6 3 5 3 4 6

Yarding System 4 6 6 3 5 3 4 6

Delivered Log Price1 ($/Mfbm) 125 150 170 125 135 155 125

Landing

1 2 3 4 5

Landing and Spur
Road Construction
Cost ($) 18,810 52,260 11,750 14,200 106,850

Estimated Hauling
Cost to Mill
($/Nfbm) 11.73 11.87 11.77 12.08 12.60

Location of Spar
on Fixed Grid
(Row, Column) (12,38) (13,31) (16,48) (32,43) (36,18)



supporting those data are also included in the Appendix.

Logging Feasibility and Cost Analysis

Figure 24 illustrates the feasible cableway alternatives which

were isolated as a result of the logging feasibility and cost analysis

for this application. Numerous cableway locations in addition to those

shown were tested, but proved to be infeasible. The alternatives were

initially laid out on a topographic map by considering yarding system

capabilities and terrain configuration, and were then appraised for

apparent feasibility by field visits to the site. The feasibility and

cost analysis programs were then run to confirm or reject feasibility,

and to estimate timber parcel values. No claim is made that these are

the "best" alternative cableways with which to enter the optimization.

Another analyst working from the same data base would most likely com-

pile an entirely different set of alternatives.

Because of its length (more than 100 computer printout pages), the

complete feasibility and cost analysis for the application is not in-

cluded here. A brief summary of the results, however, is as follows:

1. Because of the long spans required to obtain satisfactory

deflection for many of the cableway alternatives at landings

2 and 5, only the long-reach system (BU-l99) can be installed

at either of those landings. Note that many of the cableways

for those landings had to be anchored outside of the planning

area itself (Figure 24).

160



Figure 24. Feasible cableways investigated on the planning area.
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The cableway alternatives at landings 1, 3, and 4 would be

feasible for any of the skyline systems. However, a ground

reconnaissance of the area indicated that the terrain at those

sites is such that none of those landings could be made large

enough to accommodate the BU-199 without a high risk of soil

failure. The same is true of landings 1 and 3 for the BU-90,

which is somewhat smaller than the BIJ-199 but still consider-

ably larger than either of the other two systems.

Terrain conditions on the planning area are such that the

highlead system can only be placed at landings 1 and 3 if the

entire planning area is to be harvested. If the highlead

system were placed at landing 4, as an example, an area of

about 5 acres between landings 4 and 5 could not be harvested

at all. This is due primarily to the limited reach of that

system, which is less than half the capability of the skyline

systems (Table 16).

As a result of this analysis, data prepared for entry into the

heuristic optimization procedure were limited to the following alterna-

tives:

1. Landing 1-- Madill (highlead): 10 feasible cableways;

Marc V (running skyline): 9 feasible cableways.

2. Landing 2 -- BIJ-199 (live skyline): 48 feasible cableways.



Landing 3 -- Madill: 2 feasible cableways;

Marc V: 13 feasible cableways.

Landing 4 -- Marc V: 24 feasible cableways;

BTJ-90 (live skyline): 23 feasible cableways.

Landing 5 -- BU-199: 15 feasible cableways.

The number of timber parcels which could be harvested over each cable-

way is a function of cableway length and the lateral yarding capabil-

ity of the individual yarding system. For this application, as few as

4 and as many as 128 parcels could be harvested over individual cable-

ways. A total of 5350 harvesting alternatives were segregated for the

1048 parcels on this planning area; thus, each parcel could be harvest-

ed, on the average, by means of 5 different cableways. As there are

144 feasible cableways, 8 yarding system/landing combinations, and 5

landings, the mathematical programming formulation of this problem

would require 5507 decision variables and 6555 constraints (see equa-

tions [4.16] and [4.17]).

Total computer time for the feasibility and cost analysis was 15.1

minutes on the CDC 3300. This figure includes time for data entry and

line printer output as well as computation time. An additional 6.3

minutes of computation time were required to prepare random access data

files for use by the heuristic algorithm (see program RNDFILES in the

Appendix).
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Improvement Algorithm

Computation Times

An initial feasible solution was obtained with the CASCADE algo-

rithm after 93.3 minutes of computation time. Subsequently the algo-

rithm entered Step 2 (the "drop't step), and during the first pass

dropped one cableway from the solution. No landings or yarding systems

were dropped. Prior to completing a single pass through Step 2, how-

ever, the job was terminated at 26.7 minutes after initiation because

all of the computer time budgeted for the project had been expended.

Judging from the progress of the algorithm to that point, however, it

appears unlikely that any significant improvement would have been made

during subsequent passes. The one improvement that was made resulted

in only a 0.09 percent increase in the objective function. Because of

the way the "drop criterion" is evaluated (see Chapter V), the first

change that is made to the initial feasible solution is the one which

will cause the greatest total improvement in the objective function.

At a rate of less than 0.09 percent per improvement, it would take a

great many changes to significantly influence the value of the objective

function.

This result was not altogether unexpected. As mentioned earlier,

for all of the small test problems the optimal solution was found dur-

ing initiation. It was very unlikely, of course, that for problems of

practical size an initial feasible solution would be found that could

not be improved. Because of the fact that the initiation routine was
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1. The cutting units designed by the heuristic algorithm are
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structured to consider not only parcel values but also the cascading

effect of fixed charges in the problem, however, it should always find

an initial feasible solution that is very good. Furthermore, Cooper

(1964) has observed that for location-allocation problems in general,

the total cost curve is often very flat in the vicinity of the minimum.

Therefore, one would expect that, given an initial feasible solution

somewhere on the flat portion of the curve, only small improvements

could be made thereafter. Similarly, Pierce (1968) has remarked that

for mathematical programming approaches to such problems, a large por-

tion of the total computation time is commonly expended in proving

optimality, whereas either the optimal solution, or one quite close

to it, may have been obtained at an early stage in the computations.

Case Study Results

The best assignment of timber parcels to landings for the case

study area, as computed by the heuristic algorithm, is shown in Figure

25. Also shown are the locations of the 62 cableways which were

selected for assignment from among the 144 feasible alternatives con-

sidered. A portion of the computer output for the solution is shown

in Table 18, and a summary of results is contained in Table 19. Al-

though these results would be most meaningful in the context of alter-

natives proposed for the same planning area, several useful observations

can be made:
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CARLEWAY 11

ANCHOR( 6,34); TAILTREE= 25 FT EMPLACEMENT COST= 53
LANOING i; YART!ING SYSTEM 2

Table 18. A PORTION OF THE COMPUTER OUTPUT FROM THE
IMPROVEMENT ALGORITHM.

CURRENT SOLUTION REPORT -- CASCADE ALGORITHM
-=-===

LANOINGS FIXED YARDING SYSTEM FIXED
OCCUPIED COST ASSIGNED COST
see see a

SUMMARY OF CABLEWAYFPARCEL ASSIGNMENTS

(similar reports would follow for all other assigned cableways)
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I 18810 2 800
2 52260 3 3195
3 11750 2 800
4 14200 1 925
5 11)6850 3 3195

PARCEL NET VALUE
- aeon a 00sae -

( 7,35) 635
C 8,35) 703
( 9,36) 715
(10,36) 727
(10,37) 727
(11,38) 743



1Total timber volume on the planning area (calculated from the data
in Table 14) is 12,091.4 Mfbm.

2Calculated from the data in Tables 14 and 17.

3mis figure cannot be compared directly with the commonly used
"stumpage value" unless other relevant costs are subtracted. These
include such items as reforestation, slash disposal, and administra-
tion costs.
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Table 19. STJNMARY OF THE HEURISTIC ALGORITHM RESULTS
FOR THE CASE STUDY APPLICATION.

Item Costs

$ $/Mfbm1

Total mill value of all parcels2 1,781,490 147.34

-Estimated yarding costs 241,225 19.95

-Estimated hauling costs 146,085 12.08

-Landing and spur road construction costs 203,870 16.86

Estimated in-place timber value3 1,190,310 98.44
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quite large, even for an industrial forest harvesting operation. The

unit at Landing 2, for example (see Figure 25), covers an area of ap-

proximately 129 acres; the units at Landings 4 and 5, about 53 and 58

acres, respectively. Cutting unit size, however, is a function of the

number of potential landing sites on the planning area. For this ap-

plication, the existing transportation plan for the area was used with-

out alteration, and only five landing sites were considered available.

Thus, it should have been expected a priori that the resulting cutting

units would tend to be large.

2. Estimated yarding costs for the solution are surprisingly low,

given the long-reach skyline units specified for most of the area.

A recent yarding appraisal guide developed by the Bureau of Land

Management (1972) lists estimates of $30/Mfbm to $45/Mfbm for long-

reach skyline yarding under conditions similar to those on the study

area. This result has two implications. First, because the analysis

considers varying topographic and timber conditions over the entire

planning area, much better cost data are developed than is possible

with conventional procedures which use estimates of average conditions.

Second, the improvement algorithm attempts to find the total assign-

ment of timber parcels to facilities which will maximize the value of

those parcels. Often, this will also be the assignment that minimizes

yarding costs. For the case study, the algorithm appears to at least

have been effective in finding a solution for which yarding costs are

far below those that would have been expected.
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3. The highlead alternative was not selected for either of the

landings at which it could have been emplaced. This is not a judgment

on the general applicability of highlead yarding, but rather an obser-

vation that for the specific conditions encountered on this study area,

expected fixed and variable costs for the running skyline are less

than those for the highlead. This could be due to any of a large

array of factors, and it is not possible to say with certainty why the

running skyline was selected for both landings in spite of its signif-

icantly higher hourly cost (Table 16). Inspection of the feasibility

and cost analysis results for both systems, however, suggests a

slightly higher load capability for the running skyline. In addition,

the lateral yarding capability of the running skyline permits a higher

expectation of logs per turn for that system than for the highlead

(Table 17). The combination of these two factors gives a slightly

lower yarding cost estimate for the running skyline on many of the

cableways for which both systems were considered. This conclusion

should not be generalized, however; to a considerable extent it is un-

doubtedly dependent upon the capabilities and costs of the specific

yarding machinery considered. The Madill 071, for example, is actually

a live skyline yarder rather than a highlead yarder. It was used for

the highlead alternative in this study because highlead yarding data

with that system were available from previous studies (Dykstra, 1975).

An analysis involving a more conventional (and cheaper) highlead yarder,

however, might give entirely different results.

4. It was somewhat surprising that Landing 1 was assigned at all,
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since the cutting unit associated with that landing is too small to re-

cover all of the landing and spur road construction costs. On close

inspection of the feasibility and cost analysis results, however, it is

evident that two of the 1/4-acre parcels could not be harvested by any

other landing. Therefore that landing had to be established in order

to obtain an initial feasible solution. Had some other alternative

been available for harvesting those two parcels, Landing 1 would not

have been established. Therefore, the expenditure of some effort to

find such an alternative would pay off in a sizeable reduction in

fixed charges.

5. A result which will probably be of considerable interest to

forest managers, and to landscape architects as well, is the fact that

the cutting units designed by the heuristic algorithm are quite irreg-

ular in shape, particularly where the terrain is most dissected. This

is a direct refutation of a principle to which foresters have long ad-

hered: that the "most efficient" cutting unit design is geometric

(either rectangular or circular) in shape. Again, any temptation to

generalize this result should be resisted. Where slopes are uniform,

in fact, the cutting boundaries produced by this methodology will al-

most certainly be uniform themselves; the unit at Landing 3 (Figure 25)

is an illustration of this. In areas of uneven terrain, however, the

most efficient design is likely to feature irregular boundaries.

Suggestions for Application of the Methodology

Although the solution obtained by applying the CASCADE algorithm
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may be very near the economic optimum for a given planning area, it

should be considered only a "first approximation" to the eventual tim-

ber harvest plan for the area. The prescribed plan should be scrutin-

ized closely, realizing that it has been developed by using an ab-

straction from reality which is admittedly idealized. As an example,

the solution may show islands of timber which would have to be yarded

through standing trees (see Figure 25). If this is undesirable, or if

it is expected to significantly increase yarding costs, then the cutting

unit boundaries should be revised. Because of the structure of the

methodology, any such revisions can be incorporated easily by changing

parcel assignments in the appropriate random access files (see the

discussion of file structures in the Appendix). The result of these

changes on the total expected value of the planning area can then be

computed directly without having to re-run the CASCADE algorithm. Thus,

"sensitivity analysis" is greatly facilitated.

Similarly, changes to unit boundaries may be desired in order to

enhance aesthetics. Whenever such changes are made, the "value't of

the adjusted solution can easily be computed; this revised value will

reflect the imputed cost of the improvement in aesthetic quality, and

will thus permit economic comparisons of aesthetic tradeoffs. Although

this is not a new idea (Rickard, Hughes, and Newport, 1967), it has not

previously been successfully incorporated into a harvest planning model.

At current rates, the cost of obtaining the solution in Figure 25

was about $900. This includes computer time for data entry and file

preparation, for making the feasibility and cost analysis, for running
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the improvement algorithm, and for outputting the results on the line

printer. It also includes terminal costs, the cost of line printer

paper, and file storage charges for one month. For a planning area

worth nearly $1.8 million, this amount is insignificant. Many forest

areas, however, are not capable of producing revenues on a scale which

would justify the expense of this type of analysis. In addition, the

lack of suitable data for the analysis could increase the total costs

associated with this methodology substantially. On the National

Forests, efforts are currently underway to develop a digitized data

base which is consistent with the requirements of this methodology

(McNutt, 1976). For most other forested areas, however, the appropriate

data would have to be obtained before an analysis could be undertaken.

In general, it appears that the gains to be realized by the appli-

cation of this methodology would more than offset the cost of the

additional planning effort for harvest areas which have one or more of

the following characteristics:

High-value timber.

Steep, highly dissected terrain.

Unstable soils or other critical environmental problems.

High aesthetic impact.

The current version of the feasibility and cost analysis, of course, is

limited to only four cable systems (although, among them, these four

systems account for a majority of the timber harvested annually in the

Douglas-fir region). The improvement algorithm, on the other hand, is
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general enough to be applied to any cutting unit design problem, re-

gardless of the logging system to be used. Thus, if parcel values can

be estimated for harvesting by, say, cable, helicopter, balloon, or

tractor systems, then the algorithm can be used to find a satisfactory

total assignment of parcels to facilities for those yarding systems.

For problems of the type considered in this application, the limited

computational experience obtained so far suggests that the initial

feasible solution obtained with the CASCADE algorithm may be close

enough to the optimum that attempts to improve upon the initial

solution are unnecessary. Further research is needed to test this

hypothesis, however.



VII. SUNMARY AND CONCLUSIONS

In this study, a two-part methodology has been developed to assist

in the design of timber harvest cutting units and the assignment of

logging equipment to those units. The first part of this methodology

conàiders the specific topographic and timber conditions on a forest

planning area, plus any harvesting restrictions which may be imposed

on portions of the area because of expected environmental problems.

This information is combined with the known mechanics of the alterna-

tive logging systems under consideration to determine the feasibility,

and estimate the alternative costs, of harvesting each "parcel" of

timber from thearea. Thus, a set of feasible harvesting alternatives

is developed for each timber parcel; associated with each alternative

is a value which represents the worth of the timber on the parcel, net

of variable logging and transportation costs, if it were to be har-

vested by means of that alternative. The second part of the method-

ology consists of a heuristic optimization algorithm, developed

specifically for this study, which seeks to maximize the total value

of timber on the planning area, net of both fixed and variable harvest-

ing and transportation costs. The algorithm insures that all parcels

on the planning area are assigned to some harvesting facility, and

permits each landing site to be occupied by no more than one yarding

system.

While the procedures used in both parts of the methodology de-
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scribed above would have to be considered "state-of-the--art", only a

few of the procedures themselves are actually new; most are simply

applications of existing knowledge to a new area. The most important

new development in the feasibility and cost analysis portion of the

methodology is the use of a digital model to portray not only topo-

graphy, which has been done before, but also timber conditions and

harvesting restrictions. Thus, harvesting "feasibility" is no longer

limited to an assessment of the load carrying capability of the logging

system, but also considers the size and distribution of the logs which

are to be yarded, and environmental restrictions which may constrain

the harvesting methods themselves.

In the optimization portion of the methodology, the CASCADE algo-

rithm developed as part of this study has been based loosely upon

several previous algorithms for solving facilities location problems,

but differs markedly from those algorithms in two respects. First, it

considers problems which exhibit a special "cascading fixed charge"

structure; that is, a fixed charge structure in which several levels of

fixed charges must be incurred for any complete facility installation.

Second, it attempts to find a very good initial feasible solution.

Other algorithms usually move quickly to "any" initial feasible solution,

and then attempt to improve upon that solution. Because of the cascad-

ing structure of fixed charges in the forest harvesting problem, however,

experimentation with the algorithm showed that poor initial feasible

solutions often stalled without ever approaching the optimal solution.

Thus, the strength of the present algorithm appears to depend heavily
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upon the fact that it finds an initial feasible solution which is often

very close to the optimal solution.

This dissertation has been concerned primarily with the development

and demonstration of a methodology, rather than with experimentation by

which detailed harvest planning guidelines could be derived. Several

observations based on experience with the methodology, however, may

be of interest:

Visits to the site of the case study application emphasized

the importance of integrating the planning process with detailed field

checking. Had these visits not been made, for example, the large

BU-199 yarder might have been specified for installment at Landing 1,

which is simply not capable of supporting such a large facility. Sim-

ilarly, many candidate anchor positions were eliminated during the

field visits when it became obvious that the installation of cableways

at those positions would have been impossible. This not only saves

computation time but also prevents the inadvertent assignment of a

cableway which might appear feasible to the model but in actuality

could not be emplaced.

The most important single factor influencing the shape of cut-

ting unit boundaries appears to be the character of the terrain on the

planning area. In-areas of uniform slope, relatively uniform boundar-

ies would be expected; in areas of sharply dissected topography, highly

irregular boundaries are likely. The specific location and shape of

cutting boundaries are highly site-specific, however, and depend not
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only upon terrain but also upon timber type and the characteristics of

the yarding systems assigned to the opposing cutting units.

3. An important facility of the methodology presented here is

the fact that the COStIt of revising a solution can be easily obtained.

This means that the solution found by the CASCADE algorithm can effect-

ively be considered a starting point for more detailed planning; ad-

justments can be made in order to more effectively utilize the assigned

yarding systems (from the point of view of a logging engineer), to en-

hance the aesthetic quality associated with cutting unit design (from

the point of view of a landscape architect), or simply to test the

sensitivity of the objective function to changes in the solution.

Suggestions for Additional Research

During the development and testing of the methodology considered

in this study, several areas in which additional research might provide

substantial gains became evident. These include the following:

1. A natural question to ask with regard to any planning method-

ology is: "how much better can this procedure be expected to perform

than a competent analyst using existing guidelines?" Regardless of

the philosophical or mathematical value of an operations research

approach, its worth to any potential user depends largely upon the an-

swer to this question. The present study, which has been concerned

with the development of the methodology itself, has not attempted to
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provide insight into this question. Thus, a high priority for addi-

tional research would be to measure the quality of harvest plans devel-

oped independently by competent logging engineers and by the planning

methodology presented in this dissertation. Specifically, such research

should consider planning areas which vary in both size and in character,

so that conclusions can be drawn with respect to the kind of planning

area which is suited to each planning method.

2. The present computer programs by which this methodology has

been implemented should be considered experimental. The feasibility

and cost analysis program, which is relatively straightforward, appears

to be very fast, although a good programmer could undoubtedly improve

it. The program which executes the heuristic algorithm, however., is

relatively slow. Significant improvements in execution time would

almost certainly result if it were reprogrammed. The random access

file structure which is used to maintain both the current solution and

all potential solutions appears to be cumbersome and may account for a

significant amount of computation time. In addition, many of the con

ventions used in programming the algorithm were arbitrary; during the

testing of the program one such convention was changed and the average

execution time was cut by a factor of ten. An early priority for ad-

ditional research involving this algorithm would therefore be to have

it reprogrammed by a competent programmer familiar with optimization

methodologies.
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(a) that only clearcut silviculture is considered, and (b) that the

forest is presumed to exist in a static condition for the duration of

the harvesting period. These assumptions are particularly important

as the inventory of old-growth timber becomes depleted and the forest

industry comes to rely more and more upon young, vigorous forests. An

important research objective would therefore be to generalize the

methodology developed here so that changes in prices and costs over

time (including the discounting of future costs and revenues), mortal-

ity and growth, and alternative silvicultural methods could be invest-

igated. The means for accomplishing this is not straightforward.

Applications of facilities location theory over time (Ballou, 1968;

Wesolowsky and Truscott, 1975) have typically involved only very small

problems because of the combinatorial difficulty encountered in dynamic

situations. Perhaps a case study approach could be justified in order

to provide guidelines for revising or restructuring the basic "static

forest" methodology.

4. As noted in the discussion of exact procedures for solving

0-1 integer programming problems, some very large problems have been

solved by Martin (Geoffrion and Marsten, 1972), using an efficient

cutting plane algorithm. These problems have been characterized as

having a strong tendency toward integer values, with all l's or 0's

on the right-hand side, and usually all l's or 0's in the matrix.

These characteristics also apply to the forest harvesting problem,

and it may be that the problem could actually be solved more efficiently

by Martin's approach than by the heuristic algorithm. If the exact
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procedure were to prove feasible, but too expensive for practical use,

a comparison of the exact and approximate solutions would at least

provide valuable information as to the worth of the solutions obtained

by the heuristic algorithm.

The ability to efficiently solve the integer programming problem

which ôorresponds to the forest harvesting problem is an attractive

idea for at least two reasons. First, it would always provide an

optimal, rather than approximate, result. Second, it would permit

the incorporation of additional constraints without requiring major

methodological revisions. The integer programming problem formulated

for this study represents (almost) unconstrained optimization, in spite

of the fact that a large number of constraints is required in the prob-

lem. Most of these constraints are essentially structural; that is,

they describe the cascading fixed charge structure of the problem.

Only two sets of constraints actually describe resource limitations;

one of these requires that each timber parcel be harvested exactly

once, and the other insures that no more than one yarding system is

assigned to any landing (see Chapter IV, equations [4.6] - [4.15]). It

would be interesting in some cases to be able to test many other con-

straints. As an example, one might want to find the optimal assign-

ment of timber parcels to cableways, subject to limitations on, say,

the total number of parcels assigned to any landing (i.e. cutting unit

size), or the total volume of timber being hauled over any spur road,

or the number of times that any specific yarding system is to be used.

Constraints could also be written, after the method of Garfinkel and
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Nemhauser (1970), to require that cutting units be contiguous. Any

such limitations would be difficult to include in the heuristic algo-

rithm, but could easily be added to an integer programming structure

(although doing so might greatly increase the computational difficulty

of the problem).

5. Certain of the assumptions made during the feasibility and

cost analysis portion of this dissertation should be examined more

closely in the context of their impact on the final solution. These

include the following:

The assumption that cable segments under tension can be

approximated by rigid members rather than the true

catenaries;

Assumption [3.18], that the load capability of a skyline

system when a turn of logs is being skidded or partially

suspended is approximately equal to 1.5 times the load

capability of the same system when the turn is fully

suspended.

In addition, a more rigorous procedure should be developed for estimat-

ing highlead yarding load capability. The method used in this study

represents an initial effort which was developed because no previously

published analysis was available.



Concluding Remarks

The methodology developed for this study provides the forest man-

ager with two new tools which can assist in the planning of forest

harvesting operations. First, a flexible procedure for evaluating the

feasibility and costs of alternative cable yarding systems has been

provided; and second, a heuristic algorithm has been developed which

seeks to design optimum cutting units by considering the results of the

feasibility and cost analysis. It should be emphasized that these

procedures only provide information for decisions; they should not be

permitted to make decisions. Invariably, it is impossible to fully

describe a planning problem in terms of a mathematical model. With

the exception of certain soil and water values, for example, the

model considered here completely ignores non-timber resources. These

resources are always important and may sometimes be critical; therefore,

the forest manager himself cannot afford to ignore them. The model

formulated for this study, like all models, is an abstraction from

reality. If it gives optimum or satisfactory answers to the problem

that has been formulated, then it can provide a valuable service to the

forest manager by suggesting actions which can be taken and the prob-

able consequences of those actions. Io model can foresee the future,

nor can it relieve the forest manager of the responsibility of making

the very difficult decisions that have to be made in any resource

management job. It can, however, provide a stronger foundation on

183
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which to make those decisions. Hopefully, the methodology described

here will be capable of making that kind of contribution.
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APPENDIX I

Glossary of Timber Harvestin Terminology1

Allowable cut. The quantity of timber which can be harvested during a
specific time period such that the perpetuity of the timber stand is

assured.

Average yarding distance. Total yarding distance for all turns yarded

to a particular. landing divided by the total number of turns.

Bucking. The process of cutting felled trees into logs.

Buffer strip. A strip of vegetation
improve shading, reduce the entry of
or contribute to aesthetic quality.
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left along streams or roadways to
residues into the stream or road,

1Many of the definitions in this Glossary have been taken from the fol-

lowing sources:

Forest Service, USDA. 1969. Glossary of cable logging terms.
Portland, USDA Forest Service, Pacific Northwest Forest and
Range Experiment Station, 7 p.

McCulloch, W. F. 1958. Woods words. Portland, Oregon Historical

Society and The Champoeg Press, 219 p.

Society of American Foresters. 1958. Forestry terminology.

Washington, D. C., Society of American Foresters, 97 p.

Cableway. The configuration of one or more cables, stretched between
a spar and an anchor, which defines the pathway along which logs are

moved during cable yarding.

ccf. The abbreviation for 100 cubic feet of solid wood.

Choker. A noose of wire rope used for attaching logs to the yarding

system.

Chord. The slope distance from the top of the spar to the anchor.

Clearcut. A harvesting method in which all of the timber in a cutting

area is removed during a single entry.

Cutting unit. An area of timber designated for harvest. As used in

this paper, the term is synonomous with "setting": the area logged

to one yarder position.



Deadman. A wooden, concrete, or metal bar
purpose of anchoring a standing line or guy

Deflection. The vertical distance between-
measured at midspan. Usually expressed as

tal span length.
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buried in the, earth for the

line.

the chord and the skyline,
a percentage of the horizon-

External yarding distance. Slope distance from the landing to the most

distant point within the cutting unit boundary.

fbm. Feet, board measure: an abbreviation for board feet. A board

foot is a measure of the volume of wood contained in a 12"xl2"xl" sec-

tion of log. Large volumes (such as the volume represented by an entire
stand of timber) are usually expressed in thousands of board feet,
abbreviated Mfbm.

Felling. The act or process of cutting standing trees.

Flyer. A live skyline system composed only of the skyline and a main-
line, so that return of the carriage to the timber must be accomplished
by gravity. Frequently referred to as a "gravity return", "drift", or
"shotgun" system.

Grapple. A hinged mechanism, capable of being opened and closed, which

is used to grip logs during grapple yarding or loading.

Ground lead. A method of yarding logs in which the pull of the skid-
ding line is parallel to the ground (i.e. a spar or other means for

providing lift is not used, or is ineffective).

Haulback. A wire rope used to pull the mainline back to the timber for
the attachment of logs during yarding.

Landing. The area where logs are assembled by the yarding process.

Live skyline. A cable yarding, system in which the skyline can be

raised or lowered during yarding.

Loading. The act or process of placing logs onto trucks or other
vehicles for transport.

Logging. All or any part of the task of converting trees into logs and
delivering them to an unloading point; synonomous with the term
"lumbering" which is commonly used in eastern forestry.

Mainline. The hauling cable.

Regeneration harvest. Removal of timber in preparation for the estab-

lishment of a subsequent timber, crop.
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Rock bolt. A bolt which may be drilled into rock for the purpose of
fixing guylines for anchoring.

Rotation. The period of time required to establish and grow timber
crops to a specified condition of maturity.

Running skyline. A system of two or more suspended moving lines, gen-
erally referred to as the mainline and haulback, that, when properly
tensioned, will provide lift and travel to the carriage.

Shelterwood. A silvicultural method in which mature timber is removed
in a series of cuttings which extend over a period of years equal
usually to not more than one-quarter and often not more than one-tenth
of the rotation.

Silviculture. The science which deals with the theory and practice of
controlling forest establishment, composition, and growth.

Skyline. A cableway stretched tautly between a spar and an anchor and
used as a track for log carriers.

Skyline anchor. A device used to secure the end of a skyline opposite
the spar. Commonly used anchors include stumps, standing trees, trac-
tors, deadmen, and rock bolts.

Slash. Woody residue left after logging.

Span. The horizontal distance from a spar to an anchor.

Spar. The tree or tower on which rigging is hung for use in a cable
yarding system.

Standing skyline. A skyline system in which the skyline cable is fixed
during the yarding operation (i.e. it cannot be raised or lowered).

Strawline. A light cable used to string heavier lines; synonomous with
"haywire".

Tailhold. The anchorage at the outer end of a skyline or highlead
yarding system, away from the landing.

Tailtree. A tailhold which has been placed in a tree in order to im-
prove deflection. Synonomous with "tailspar".

Timber type. A descriptive term used to group stands of similar char-
acter, by which they may be differentiated from other groups of stands.

Turn. The logs yarded in any one trip.



199

Type island. A contiguous area on a planimetric map of timber types,
within which the timber is considered to be of a single type.

Yarding. The process of conveying felled timber from the stump to a
landing, or "yard".

Yarding road. The area bounded by the length and lateral yarding width
of any cableway emplacement.
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Listings of the Logging Feasibility

And Cost Analysis Programs

200



PAG I OSU FORTRAN PROGRAM CABLYRD

I PROGRAM CABLYRO
2 COMMON NROWS,NCOLS,GR,CMOSLP,PHI,THETA,CAPRWt(5)
3 COMMON THDCOL(10),IHOROW(j0),EAST,xNOPTH,XMYO

COMMON SPAN,D,Y,H,LANOG
5 COMMON/CABLE/ PROFILE(35,2) ,BFM!P1(5) ,D!NSTY(10),
6 1 IGRIDS,ISy5TM,EL1,!L2,Wj(5),W2(5),EACH(5),TuAx(5),

- SPARtS) ,rBuF,rTLRow,ITLcOL,DLAST,DvLsT,CuMoIST,
3 ELEV,TT,TAIL(5),CLEA°t5,2),4VL0G(10),TURNMX(1O,5),
1 ISYSI5),WG(3)

10 COMMON/EAS/ AROW,ACOL,13R0W,BCOL,CROW,CCOL,OROw,OCOL
11 DIMENSION XLAT5),TITL1O),CO!T15),CMOVE(5),DCHG(5,3)
12 DIMENSION COEFF(5,7),DELAY(5),CLAP4O(j0),HAUL(j0)
13 DIMENSION VOLPAC(1O),PRICE(jD),RIGC5)
1'C.
15 C. THIS PROGRAM EXAMINES A DIGITIZED PLANNING AREA TO
16 0 EVALUATE THE FEASIBILITY OF USING CABLE YARDING SYSTEMS
17 C AT SPECIFIC LANDINGS AND ANCHORED OVER SPECIFIC CABLEWAYS.
1 C
19 C THE PRESENT CAPABILITIES OF THE PROGRAM ARE LIMITED
20 C TO HIGHLSAO, RUNNING SKYLINE, AND LIVE SKYLINE SYSTEMS
'1 C. OVER A SINGLE SPAN.
22C
23 C. IN ADDITION TO THE FEASIBILITY ANALYSIS, THE PROGRAM
2Z, C ESTIMATES THE COST OF YARDING EACH PARCEL ON THE PLANNING
25 C AREA WHICH CAN BE ACCESSED FROM ANY OF THE CABLEWAYS. THIS
26 C COST IS THEN ADDED TO THE EXDECTED HAULING COST FROM THAT
27 C LANDING TO AN APDR.AISAL POINT, AND THE TOTAL IS SUBTRACTED
2' C FROM THE EXPECTED ADORAISAL POINT VALUE OF THE TIMBER IN
29 C THE DARCEL. THE RESULT IS THE EXPECTED NET VALUE OF THE
30 C TIMBER IN THE PARCEL IF IT WERE TO B! YARDED OVER THAT
31 C SPECIFIC CABLEWAY. EACH CABLEwAY IS UNIQUE: A CABLEWAY
32 C MAY B! IDENTIFIED BY A UNIQUE COMBINATION OF LANDING,
33 C YARDING SYSTEM, AND ANCHOR POINT.
3 C
" C HIGHL!AO SYSTEM FEASIBILITY IS ESTABLISHED BY MEANS
36 r OF A STATIC ANALYSIS WORKED OUT AS PART OF THIS STUDY.
7 C

1 C LIVE AND RUNNING SKYLINE FEASIBILITY IS EVALUATED
3R C BY A DROCEDURE REPORTED IN CARSON, H. W., AND C. N. MANN.
£.0 C 1971. AN ANALYSIS OF RUNNING SKYLINE LOAD PATH. POTLANO,
1 C USDA FOREST SERVICE, PAC. N.W. OPEST RANGE EXP. STA.,
2 C RES. PAP. PPIWi20, P

C
44 C PROGRAM CABLYRD SERVES RTMAFILY AS A FRONTEND DEVICE
#5 C TO PREPARE DATA FOE ANALYSIS 5Y THE CASCADE ALOPITHM OR Y

6 C AN EXACT .DGPAUMING ALGOIT4' cTH! LATTER FOR SMALL
47 C PROBLEMS). DUIDUT FILE! WHICH ARE P!OAREP BY CABLYRO
6 C AR! AS FOLLOWSt CLUN=LOGICAL UNIT NUMBER)
4q C
o C LUN 6 -- CABLYRO INDUT DATA SUMMAPY AND RUN SUMMARY.

51. C

52 C LUM 7 -- LISTING OF THE VALUE OF EACH DAREL I YARDED OVER
51 C ANY SPECIFIC CABLEWAY.
51. C
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PAGE 2 OSU FORTRAN PROGRAM CABLYRD

55 C LUN S -- A TABLE WHICH DESCRIBES EACH CABLEWAY. INCLUOO
56 C A°E HE LANDING NU'RER, YARDING SYSTEM NUMBER, ANCHOR GRID
57 C LOCATION, ELEVATION OF THE TAILHOLD ABOVE THE CENTROID OF
5 C THE GRID, AND CABLEWAY EMPLACEMENT COST. THIS IS A RANDOM

59 C ACCESS FILE CABLEWAY NUMBER IS ONE GREATER THAN TM! LOGICAL
51' C RECORD NUMBER, WHERE A LOGICAL RECORD CONTAINS THE FIVE
61 C ELEMENTS LISTED ABOVE.
62 C
63 C LUN 9 -- AN INFORMATION FILE FOR USE BY THE CASCADE ALGO-

C RITHM? CONTAINS THE VALUES OF -NCOLS-, -NSYS-, -CMOVE(I)-,
55 C -NLAND-, -CLANOCI)-, AND -ICARL-. FORMAT IS IT OR F7.1' AS
65 C APPROP°IATE.
67 C
65 C IN ADDITION TO THE ABOVE, CA8LYRO USES THE FOLLOWING
69 C DATA FILES AS INPUTe
TO C
71 C LUN 1 -- RANDOM-ACCESS DATA FILE CONTAINING THE MATRIX
72 ! OF ELEVATIONS. THESE ARE STORED ROW-BY-POW, FROM THE
73 C TOP, AND EACH ELEVATION OCCUPIES FOUR 3CC CHARACTER
7 C SPACES (I.E. ONE BCO WOO).
75 C
76 C LUN 2 -- RANOOM-ACC!55 DATA FILE CONTAINING THE MATRIX
77 C OF FOREST TYPE CODES, STORED IN THE SAME WAY AS LUN 1.
75 C
'9 C LUN 3 -- RANDOM-ACCESS DATA FILE CONTAINING THE MATRIX
31' C OF SDECIAL FEATURE CODES, SlOPED IN THE SAME WAY AS
51 C LUNS I AND 2.
52 C
53 C LUN S -- RUN DATA FOR CABLYD.
q c
05 00 10 11,1O
6 CLANO(I)0.

57 IF (I .GT. 5) GO TO 10
CMOVEtI)=O.

39 10 CONTINUE
C

91 C READ IN THE RUN TITLE.
92 C
01 REAO(5,50) TITLE
9' 50 FORMAT (10A3
95 C
96 C READ IN RUN DATA.

95 GID=FFINC5)
99 NPOWS=IFIXtFFIN(5))

NLS=IFIX(FFI4t5)
101 WRIT! (6,100) TITLE,GRIO,NROWS,NCOLS
1"2 100 FOPHAT (2S2/t12/-2,902*2)/202,1CX,CA3L! LOGGIF4G2,
103 1 2 SY5TEM FEASIBILITY AND COST ANALYSIS$/2O,j0X,
10'. 2 1OAS/202,9fl()/

3 2-GRID SIZE=2,F7.2, FEFT2/250ATA MATRIX HAS t,I,
106 Is ± ROWS AND C0LUMNS.±/tX,.3())
107 C
105 C READ IN YARDING SYSTEM DATA.



PAGE 3 OSU FORTPAN PROGRAM CA9LYRU

109 C
1.10 '.lSYS=O

ill NIFIX(FFIN(5))
112 IF (N .GT. 5) GO TO 115
113 110 NSYS=NSYS+1
114 IF (NSYS .LE. 5) GO 10 120
115 115 W°ITE (6,9901)
116 9901 FORMAT (20 ERROR TOO MANY YARDING SY!TEMS 2,
117 1 2ND MORE THAN 5 ALLOWED.2//)
115 STOP
119 120 ISYS(N)=IFIX(FFIN(5))
120 R!ACH(N)=FFIN(5)
121 Xt.AT(N)=FFIN(5)
122 W1(NFFIN(5)
123 W2(N)=FFINt5)
124 TMAX(N)FFIN(5)
125 APRWT(N)=FFIN5
125 SPAR(N)=FFIN(5)
127 TAILtN)=FFIN(5)
125 CLEAR(N,1)=FFTN(5)
129 CLFAR(N,2)=FFIN(5)
130 9FMIP4(N)=FFIN(5)
1.31 COST(4)=FFIN(5)
132 CMOV!(N)=FFIN(5)
133 RTG(N)=FFIN(5)
134 DO 130 1=1,3
135 130 ROCHG(N,T)=FFIN(5)

N=IFIX(FFIN(5))
137 IF (N !Q 9999) GO TO 140
138 IF (N .GT. 5) GO TO 115

GO TO 110
140 140 WR!TF (6,150)
141 150 FORMAT (2SUMMARY OF YAOING SYSTEM DAT42/2fl,T56,
142 1 2MAX SUSPENSN MIN2,15X,2TAILTRE5i' SYS 2YS MAX 2,
143 2 *MAX SEG1 SEG2 MAX CARR SPAR TAIL CftR CLP FBM/±,
144 COST MOVE RIG TIM! ROAD CHANGE BUFFER2/2 NO. TYE 2,
145 4 tRFACH LATERAL. WI WT TEPYSION WEIGHT IT NT FULL 2,
146 5 2PART TURN s/HR COST (MJF!I ..A0....A1. AOD TIME2)
147 WRITE (6,155)
148 155 FORMAT (2 ----------------------------------
149 12 - ------------------
10 2 - I)
ici 00 170 11,PISYS
152 WPITE (6,160) I,ISYS(fl,REACH(I),XLAT(I),Wj.(I),w2(I),
153 1 TMAX(fl,CARRWT(I),SpAR(T),7IL(fl,(CLAR(I,J),J1,2,,

2 WTN(I),CO5T(II,CMOVF(!),IG(r),(0DCHG(T,jj,J=1,3)i5 1SC FORMAT C214,F7.Q,F6.g,F7.2,F6.2,2F7.C,F6.U,F4.C,2F5.U,
156 1 F6. 0,F7.2,F5.3,F9.4,F5,1,F6.3,F6.Qp
157 170 CONTINUE
155 WRIT! (6,175)
159 175 FORMAT (//,j15(2=*))
150 C
161 0 READ IN YARDING REGRESSION COEFFICIENTS BY SYSTEM.
162 C
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PAcE 4 OSU FORTRAN PROGRAM CAL.YRD

163 NIFIX(FFIN(5))
154 17 IF (N .GT. 5) GO TO 115
165 00 177 1=1,7
155 177 COFF(M,I)=FFIN(5)
157 OELAY(N)=FFIN(5)
153 N=IFIX(FFIN(5))
169 IF (N .NE. 9999) GO TO 176
170 WRITE (6,178)
171 1?! FORMAT t-SlJMMARY OF YARDING REGRESSION C0EFFICIENTSF
172 1 0,8X,CON5TANT VOL/TURN VOL/LOG YARD
173

. OIST LAT 01ST LOGS/TURN CP4OROSLO°E DELAY?F
174 3 * SYSTEM (WIN) (MIN/F8M) (WIN/rPM)
175 1 tMIN/F00T) (WIN/FOOT) (WIN/LOG) fMINPCT),
176 5 FACTORS)
177 WRITE (5,185)
178 185 FORMAT -
j79 j ----------- ----------------- ------
180 2
181 00 181 11,NSYS
182 WRIT! (5.179) I,(COcF(I,fl,J=1,7),DELAY(I)
183 179 FORMAT (15,1X,7(1X,E11,i4),F5.2)
184 181 CONTINUE
195 WRITE (6,186)
1A5 186 FOPMAT (/F ,96())
17 C
183 C READ IN LANDING DATA.
189 C
190 MLANDO
iqi N=IFIYtFFIP4(5))
192 IF (N .GT. 10) GO TO 190
193 180 NLAND=NLANO+1
174 IF (MLAND .tE. 10) GO TO 200
195 190 WRITE (5,9902)
196 9902 FORMAT (O'4ERR0R TOO MANY LANDINGS: NO MORE t,
17 1 THAN 10 ALLOWED.±/I)
1f STOP
jPQ 200 INOROW(N)=IFIX(FrIN(5))
208 IHDCOL(N)=IFIX(FFIN(5))
201 IF (IHOROW(N) .LE. WROWS .AND. IHOCOL(N) .LE. NCOLS)
202 1 GO TO 205
283 WRITE (6,9905) IMDROWtN),IMOCOL(N)
284 9005 FOOMAT ATTEMPT TO PLAC A LANDINGt,
285 1 AT (,I9,*,,I9,)/I)

STOP
207 205 CLANO(N)=FFIM(5)
2!8 HAJL(N)=FFIN(5)
209 W=IFIX(FcIN(5fl
210 IF (N .EO. 9999) GD 18 210
211 IF (N .GT. 10) GO 70 190
212 GO TO 180
213 210 WRITE (6,220)
214 220 FORMAT (f-SUMMARY OF LANDING DATA/U,T1,2SPAR
215 1 *LANDING HAULt/ LANDING LOCATION AND $DU ,

216 2 C0ST±t NO. ROW CDL CONSIR. !PM)
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PAGE 5 OSU FORTRAN PROGRAM CA9LYRD

217 WRITF (6,225)
213 225 F0MAT t -----
219 00 240 11,NLANO
220 WRITE (6,230) I,IHDROw(I),IH000LI),cLAwD(fl,HAUL(I)
221 210 FORMAT (2x,13,6x,13,3x,13,2x,F7.a,Fa.2)
222 2k0 CONTINUE
223 W°ITE (6.245)
22k 245 FORMAT (1/2 2,36(2:2))
225 C
226 C READ IN FOREST TYPE DATA.
22C
228 NTYPES=0
229 N=IFTX(FFIN(5))
230 IF (N .Gt. 10) GO TO 2'O
21 260 NTYPES=NTYPESI.1
232 IF (NTYDES LE 10) GO TO 280
233 270 WRIT (6,9903)
23k 9903 FORMAT (20 ER°SO TOO MANY FOREST TY'ES 2,
235 1 *NO MORE THAN IC ALLOWED.2/)
236 STOP
237 280 VOLPACtN)=FFIN(5)
238 AVLOG(N)=FFIN(5)
239 OENSTY(N3=FFIN(5)
240 PRICE(N)=FFIN(5)
241 00 285 J1,NSYS
242 IIFIXtFFIN(5))
243 IF (I .L!. 5) GO TO 285
244 WRIT! (6,9907) J,I
245 907 FORMAT (2OERRO ATMDT TO ENTER A MAXIMUM TURN2,
246 1 2 SIZE OR SYSTZM 2,13,2, FOREST TYPE 2,12/f)
247 STOP
248 285 TUPNM(N,I)=FFIN(5)
249 N=IFIX(FFIN(c))
250 I (N .EO. 9999) GO TO 290
21 IF (N .GT. 10) GO TO 270
22 GO TO 26C
253 290 WRIT! (6,300)
254 300 FORMAT (2-SUMMARY OF FOREST TYPE OATA*/202,T10,
255 1 2AVG AVG DENSITY .MAX TURN. MILL12 TVDE2,
256 2 2 VOL/AC VOLFLOG L8S/F8U SYSTM.LOGS RICE2)
257 WRIT! (6,305)
258 305 FORMAT (2 --------------- ---------------2,
259 1 2 -----2fl
26t 00 320 I:1,NTYPES
261 00 315 J=1,NSYS
262 IF (J .O. 1) WRIT! (6,310) I,VOLAC(I),AVLOW,
263 I DENSTV(I),J,TURNMX(I,J),POIC!(I)
264 310 FORMAT (I4,F9.O,F7.t,FjO.1,5x,I3,F6.1,F8.2)
25! IF U .GT. 1) WRITE (6,311) J,TtJRNMX(I,J)
266 311 FORMAT (136,13,F6.1)
267 31! CONTINUE
23 WRIT! (5,316)
269 316 FORMAT (2 2)
2'O 32f CONTINUE
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PAGE 6 OSU FO1RAN PROGRAM CABLYRD

271 WRITE (6.325)
22 325 FORMAT (I/f 2,51(2f))
23 C

24 C READ AND PROCESS CA8LEWAY ALTERNATIVES.
275 C
26 WRITE (6.370)
277 170 FORMAT (2-CANDIDATE ANCHOR POINT SUMMARY2)

IFEAS=1
279 ICABLO
250 50 LANOG=IFIX(FFINt5))
21 IF (EOF(5)) GO TO 1000
252 IF (LANOG .LE. NLAND) GO TO 390
253 WRITE (6,9904) LANDG,NLANO
254 9904 FORMAT ATTEMPT TO PROCESS CABLEWAYS FOR 2,
235 1 2LANOIMG2,Ig,*: ONLY 2,13,2 LANDINGS IN THIS ANALVSIS.//)
2'6 STOP
257C
258 C GET YARDING SYSTEM.
259 C
2PO 30 ISYSTM=IFIX(FFIN5fl
291 IF (ISYSTM .LE NSYS1 GD TO 410
22 WRITE (6,9906) ISYSTM,LANOG,NSYS
293 9906 FORMAT ($0 ERRO. ATTEMPT TO PLACE SYSTEM 2,19,

I t AT LANDING 2,13,2; ONLY 2,13,2 SYSTEMS IN THIS ANALVS!5./f)
295 STOP
296 C
297 C GET CANDIDATE ANCHOR POSITION.
295 C

299 410 ITLROW=IFIX(FF!N(5))
300 I (ROF(S)) GO TO 1000
301 IF (ITLROW .EO. 8855) GO TO 390
32 IF (ITLROW EQ. 9999) GO TO 380
303 ITLCDL=IFIX(FFIN(5))
304 IF (ITLROW GT. 0 .ANO. ITLROW .LE. NROWS .AND.
305 1 ITLCOL .GT. 0 .ANO. ITLCQL. .LE. NCQLS) G3 TO 415
306 WRITE (6,9908 ITLROW,ITLCOL,ISYSTM,LANOG
307 905 FORMAT (20 RRO ATTEMOT TO PLACE A TAILHOLO AT (2,
305 1 I9,t,2,I9,f) FOR SYSTEM 2,I3,, LANDING 2,I3/)
3fl9 STOP
310 C
311 C R!DARE THE RUN SUMMARY.
312C
313 415 IF (IFEAS .EO. 0) WRITE (6,416)
314 416 FORMAT (2+f,T42,f CABLEWAY DISCARDED *f)
315 WTT! (6,417) LANOG,ISYSTM,ITLPOW,ITLCOL
315 417 FORMAT (0 LANDING f,1',f $y5TU ,I2,2 ANCHOR (2,
317 1 12,1,2,12,2): 1)
315 C
319 C DETERMINE THE GEOM!TV NECESSARY FOR THE
320 C EASIBILITY AND COST ANALYSES.
321 C
322 ELIXMATRIX(IHOROW(LANDG) ,IHOCOL(LANOG) ,i) #S'ARtISYSTM)
323 EL2XMATRIX (ITLROW, ITLCOL,i)
324 IFEAS1
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CAGE 7 OSU FORTRAN PROGRAM CABLY0

3'S IF (EL2 .11. 0.) )PIIE (6,1.16)
326 IF (EL2 .11. 0.) 60 TO 1.10
327 IFEAS=0
325 C
329 C THE VALUE OF -EAST- IS POSITIVE IF THE ANCHOR
330 C IS LOCATED EAST OF 'lIE LANDING: THE VALUE OF -XNORTH-
331 C IS POSITIVE IF THE ANCHOR IS LOCATED NORTH
332 C OF IKE LANDING.
333C
3L EASTFLOAT(ITLCOL-IHDCOL(LANDGI)
315 XNORTH=FLOAT(IHQROw (LANOG)ITLDOW)
336 SPAN=SORT(XNORTH2 + EAST2)GRID
337 CHORD=SQRT(5PAN5PAN + IELI_E12)**2)
315 C
319 C REJECT THIS CA9LEWAY IF THE DISTANCE ALONG THE
31.0 C CHORD EXCEEDS THE CAPABILITY OF THE SYSTEM.
31+1 C
31.2 IF (CHORD .GE. REACM(ISYSTPI) .AND. ISYS(ISYSTM) .NE. 1)
3t+3 1 GO TO 1.10
3'.'. CHOSLP=(EL2-ELI)/SPAN
31+5 THETA=ATAN(CHDSLP)
31.6 IF (A95(!AST) .LT. IE-lo) TANPMI=.6E300
131+7 IF (ARS(!AST) .GE, IE-ID) TANPHI=A8S(XNORTH/EAST)
315 CHIATAN(Tftp$PHI)
349 C
3O C MAKE UP A TERRAIN PROFILE UNDER THE CABLEWAY.
3!1 C
352 IGPIOSO

0=0.
351+ 1+2fl 00+GRID
355 IF Ct) .GE. SPAN) GO TC 1+30

356 IGPIDS=IGRIOS41
3cT IF (AB5(XNORTK) .LT. IE-lO) ROW=CLOATCIHDCWLANDG))4.5
355 IF (ABS(XNORTH) .65. iS-iD) ROW=tFLOAT(IHflR0(LANDG))+.5)-
359 1

IF (ABSCEAST) .LT. 15-10) COL=FLDAT(IHOCOL(LANDG))4.5
361 IF CABStEAST) .GE. lE-lO) COL=(FLCAT(IH000L(LAN0G))+.)+
32 1 (C0S(PHI)4(D/GRIDI(EAST/A9S(EA!T)))
36 PROFILE(IGRIDS,j)=D
364 R0FILE CIGCIDS, 2)=PTELEV(ROW,COL)
365 60 TO 1+20
366C
367 C CALL THE FEASIBILITY ANALYSTS SUBROUTINES.
3? C
369 L+3fl IF (ISYS(ISYSTM) .E. 1) CALL HILEAD

IF (IYS(TSYST') .G1. 2) CALL SKYLINE
3'l I (YMYD .LE. 1E-lO) GO TO '+10
372 C
3713 C A FEASIBLE CA9LEWAY IS INDICATED; WRITE OUT
371+ C THE CABLEWAY IDENTIFICATION AND FIXED EMDLACZMENT
37! C COST.
376 C
3" IF (ISYS(ISYSTM) .50. 1) 71=0,
35 CWCOST=(RDCHG(ISYSTM,11 ' RDCH6(ISYSTM,2)CH0D 4
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379 1 RDCHG(ISYSTH,3)FLOAT(I8UFF) TT5RIG(ISYSTM))*
350 2 COST(ISYSTM)/60.
31 ICABLICA3L+1
352 WRIT! tS,B801) ISYSTM,LANUG,ITLROW,ITLCOL,
353 1 IT,CWCOST
35k 5501 FORUAT t414,2Fk.0)
355 WRITE (6,41.0) CWCOST
356 '+1.0 FORMAT (*+2,TL.2,±CA9LEWAY EMPLACEMENT ,F7.2/02,
357 1 3X,2AV AVE AVE AVE AVE YARO
155 2 4X,*P4OR SLOPE LAT LOGS VOL COST2/
359 3 3X,2YAPD YARD YARD PER PER
390 I. 17X,?EXP2f3X,DIST 01ST 0151 TURN TUN2,
391 5 F9fl PARCEL VALUE2)
392 WRITE (6,445)
393 445 FORMAT ------- -----------
394 2 ------
395 IFEASI
396 C
397 C CONSTRUCT A RECTANGLE ENCLOSING THE CASLEWAY AND
395 C ITS LATERAL YARDING DISTANCE. FIND THE ROWS AND COLUMNS
399 C TO BE SEARCHED IN ORDER TO DETERMINE WHICH GRIDSOUAES
400 C ADE FULLY ENCLOSED WITHIN THAT RECTANGLE.
401 C
402 CALL 8IGSO(LQWROW.LOWCOL,IHIROW,IHICOL,XLAT(I!YSTM))
'+03 C
'+04 C SEARCH THE INDICATED LOCAL AREA o THE MATRIX
405 C AND IDENTIFY THOSE GRIDSOUAPES WHICH ARE ULLY
'+06 C ENCLOSED RY THE LATERAL YARDING APEA/MAXIMUM
407 C YARDING AREA RECTANGLE.
14r)R 1

L.09 DO 510 I=LOWROW,IHIROW
410 DO 500 J=LOWCOL,IHICOL
'11 ROWI=FLOATtI)
'+12 ROW2ROWI+1.
413 COLIFLOAT(J)
414 COL2COL141.
415 CALL FEAS(POWI,ROW2,COL1,CDL2,IR!S)
416 IF (IRES .ZQ. 0) GO TO EDO
'+17 ITYP=XMATRIX(I,J,2)
415 IF!AT=XMATPIX(I,J,3)
419 IF (IFEAT .EQ..3 .OR. IFEAT .EO. 1. .OR. IFEAT .E0. 5)

42C I GO TO 500
421 IF (ITYPE .EQ. 99) GO TO 500
4'2 C

'+23 C A FEASIRLE GRIDSQUAE (I,J) HAS REEN ISOLATED.
(+24 C COMOtTE IS VALUE NET "AULING A!D YARDTWC. COSTS.
'+25 C
'+26 C FIRST COMPUTE -AYO- (AVERAGE YARDING DISTANCE
1+27 C ALONG THE CARLEWAY) AND -ALO- (AVERAGE LATERAL
'+25 C YARDING DISTANCE PERPENDICULAP TO THE CA8LFWAY).
k'R C
(+30 C NOTE THAT 90 DEGREES IS APPROXIMATELY EOUAL TO
'.31 C 1.5707963 OAOIANS.
432 C
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IF (IHOCOL(LANDG) .O. Ji BETA1=1.5?7963
IF (IMDCOL(LANDG) .ME. J) BETA1=ABS(ATANCFLOAT(IHDROW(LANOG)

1.35 1 -I)IFLOAT(II4DCOL(LANOG)-J)))
9ETA2=ABS (PHI-BETA1)
IF (XNORTH .GT. 0. AND. I GT. IHDROW(LAMOG)) BETA2=

1 BETAI#PHI
1.19 IF (XMORTH .LT. 0. .AND. I LT. THOROW(LANOG)) 3ET42=
'+1.0 1 3ETA1+PHI
'.1.1 IF (EAST GT. 0. .A'40. J .LT. IHOCOL(LANDG)) BETA2
1.1.2 1 3.1(.15926-BET Al-PHI

I (EAST .LT. 0. .AP4O. 3 .GT. IHOCOLLANOGJ TA2=
LL I 3.i1+15926-8ETAI-Pc41
1.1.5 XLSQPT (FLOAT (IHOROW(L4NDG)-I)2 4 FLOAT (IHOCOL (LANOG)-J) 2)

ALDXLSIN(BETA2)G'ID
1.1.7 HYDXL'COS(BETA2) GRID
1.1.8 AYD=YO!ST(HYO)
1.1.0 C

450 C IF ALDtGRID/2), THE ABOVE UNDERESTIMATES
1.51. C LATERAL YARDING DISTANCE. THE APPROXIMATION BELOW
1.52 C GIVES RETTER RESULTS, ALTHOUGH IT IS BASEO UPON
Z53 C A CIRCULAR SEGMENT. IT IS VERY CLOSE FOR PHI NEAR
1.51. C 15 DEGREES, AND OVERESTIMATES -ALD- FOR PHI NEAR U
1.55 C OR 90 OEGREES (WHEN -ALD- APPROACHES GRID/fl.
1.56 C
'.57 IF (ALD .LT. GRIQ/2.) ALO2.*GRID/3.
1.53 IF (ISYS(ISYSTM) .GE. 2) GO TO 1.65
1.59 C
1.60 C GET ADDITIONAL DARAMETEPS NECESSARY FOP. THE
'+61 C COST CALCULATION.
1.62C
1+63 4-IFIX(AYQFGRIO)
1.61. XLOGS=TUPNMX (ITYPE, ISYSTM)
1.65 TUPN=XLOGS*AVLOG(ITYPE)
1+66 C
1.67 C FIND THE LARGEST EAStBLE TURN THAT CAN BE
1.68 C YARDED FROM PARCEL (I,J) OVER THIS HIGHLEAt
'.59 C CABLEWftY.
1.70 C
'.71 MELI-EL2
1.72 00 1.60 K1,N
1.73 O=PROFILE(K,1)

Y=EL1-PROFILE(K,2)
1.'5 1.50 WL*TURNDENSTY(ITYPE)
1.76 TENSIONTEHSN(WL)
1.77 I (TENSION LE. TMAX(ISYSTM)) GO TO 1.60
473 C
1.79 C THE ABOVE TURN IS TOO BIG REDUCE IT BY A
1.313 C HALF LOG.
1+31 C

XLOGS=XLOGS-.5
1+31 TURN=YLOGSAVLOG(I1YPE)
1.31. IF (TURN .GT. BFMIN(ISTSTM)) GO TO 1.50

C

1+36 C THE FEASIBILITY OF A TURN OF SIZE 8F$IN(ISYSTM)
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C HAS PREVIOUSLY 9EEN !STA8LISMED FOR THIS CABLWAY, OR
C WE WOULD NOT HAVE GOTTEN THIS FAR IN THE PROGPftM.

(.89 C THEREFORE, CONSTRAIN THE LOWER LIMIT ON TURN SIZE
1+90 C Tf THAT VALUE.
91 C

1+92 TURN9FMI4(ISYSTM)
1+93 GO ro (.70
1+91+ 460 CONTINUE
1e95 GO 10 (.70
1+96 C
497 C SKYLINE LOAD CAPACITY HAS ALREADY BEEN
49$ C COMPUTED IN THE SKYLINE SUBROUTINE CONVERT
1+99 C TO VOLUME AND LOGS/TURN. TRUNCATE XIOGS TO THE
500 C NEAREST ONEHALF LOG.
501 C
502 1.65 ITIFTX(HYD/GRIO)
503 IF (II .EQ. 0) 11=1
501+ TURN=WG(II)DENSTY(ITYP)

XLOGSFLOAT(IFIX(TIJRN/(AVLOG(ITYPE)'C.5)))'-C.5
506 IF (XLOGS .LE. TURNMX(ITYPE,ISYSTM)) GO TO 1.70
57 XLOGSTURNMX C ITY°E, ISYSTM)
508 47'? TURN=XLOGSAVLOG(ITYPE)

9 C
510 C COMPUTE EXPECTED YARCING COST.
Slic
512 YT!ME=(CO!FF(ISYSTM,i) 4. COEFF(ISYSTM,2)TURM +
513 1 COEFF(ISYSTM,3)URN/XLOGS C1EFF(ISYSTM,1+)
511. 2 AYD + COEFF(ISYSTM,5)ALD 4 COEFF(ISYSTM,6)XLOGS
515 3 + COEFF(ISYSTM,7)4CHOSLD1C0.)DELAY(ISSTM)
516 VOL( (GRID'GRID)43560.)VOLPAC(ITYPE)
517 YTIME=(VOL/TURN)YTtMEI6O.
518 YCD$TYTIM!COST(I5Y5TM)
519 C
520 C COMUTE THE EXOECTED VALUE OF THE TIMBER IN
521. C °ARCEL (I,J) IF IT IS YARDED OVER THIS HIGHLEAO
522 C CABLEWAY.
523 C
5". VALUE=VOLDRICE(ITYPE)/10U0. - HAUL(LAMDG)V0L1D0U.
525 1 -YCOST
526 C
527 C WRITE OUT THE RESULT.
5'B C
5'9 IPARCL=J+1NCOLS(I-1))-1
530 WRITE (',3502) ICABL,IOARCL,VALUE
531 3802 ORAT (2(15,1X),F11.2)

C=YSTf(V0L/1000.)
513 WRITE (6,480) HY,AYD,ALD,XLOGS,TURN,CPM,I,J,VALUE
511+ 480 FORMAT (3F7.3,F7.j,F7.0,F9.2,LsX(,
5'S 1 F1.0.2)
536 IF (IFEAT .ED. 1) WRITE (5,490)
537 490 FORMAT (+,T70,ULL SUSPENSION')
518 IF (IFEAT ED. 2) W'IT! (5,4951
539 1.95 ORMAT (+,T7O,bARTIAL SUSPE4SION')
51+0 500 CONTINUE
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541 510 CONTINUE
542 !FLAG=C
543 00.
544 ELEL 1-SPAR (ISYSIM)
545 CUMOI5T=CUMOIST2.SPAR(tSYST,n2 .TT)
546 WRITE (6,515) CUMOIST
547 515 FORMAT (0 ESTIMATED GROUND DISTANCE, SPAR TO t,
548 1 ANCI4ORt t,F5.0, FE!T)
519 IF (ISYS(ISYSTM1 .EQ. 1) GO I'D 560
550 C
551 C WRITEOU1' THE GROUND AND LOAD PROFILS
552 C FOP. THE SKYLINE.
553 C

WRITE (6,520) 0,EL
555 520 FORMAT (02,T32,OIST/T32,FROM GROUND LOAO/
5% 1 CASLEWAY PonILEe POINT SPAR ELEV ,

557 2 CAPACIT24,---- ---- ---
558 3 $SDAq,F7.0,F8.D)
559 00 540 11,IPIUS
560 WRITE (6,530) I,PROFILETI,1),DROFILE(I,2),WG(t)
561 530 FODMAT (T?5,14,F7.fl,F8,fl,F9.0)
562 IF (IFLAG .EQ. 0 .ANO. PROFILE(I,1) .GE. XMYO) WRITE
563 1. (6,535)
5L4 535 FORMAT (+*,T55,2MAXIMUM YARDING 0I!TANC5)
565 IF (0RDFILECI,i) .GE. XMYD) TFLAG1
56 540 CONTINUE
567 WRITE (6,550) SPAN,!L2,TT
568 550 FORMAT (T25,TAI*,F7.0,F.O,T55, TAIL TREE ,

569 1 *HEIGHT,F3.0, 'EET// *,81())
5'O C

C GET THE NEXT CANDIDATE ANCHOR POSITION.
572C
53 GO TO 410
5'4 C
575 C WRITE OUT THE GROUND PROFILE FOD THE HIGHLEAD.

C

577 560 WRITE (6,70) D,EL
58 570 FORMAT (0,T32,DIST*/T32,ROM GROUND/ *,
579 1 CABLEWAV PROFILFI POINT SPAR EL,EV/T24,
580 2 ---------- //T25,SPAR,F7.0,F5.0)
591 D 590 I=1,IGRIDS
532 WRITE (6,580) I,PROFILE(I,j),PPOFILE(I,2)
533 580 FORMAT (T25,14,F7.O,F8.0)
554 IF (IFLAG .EQ. 0 .AND. PROEILS(I,i) .GE. XMYD)
55 1 WRITE (6,585)
58f 595 FORMAT ,146,tUMAXI!4UM YARDING OISTAE*)
587 IF (PQOFILE(I,1) .G!. XMYO) IFLAG=1
58 590 CONTINUE
559 WRITE (6,600) SPAN,5L2
590 600 FOOMAT (T25,IAIL,F7,C,F5.O// 69(=))
5t C
c92 C GET THE NEXT CANDIDATE ANCHOR POSITION.
5q3 c
594 GO TO 410
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55 1OO IF (IFEAS .Ea. 0) WRITE (6,k16)
596 C
597 C WRITE OUT INFORMATION DATA.
59 C

WRITE (9,1010) NCOLS,NSYS,(CMOVE(I),I1,5),NLAND
I ,(CLAN(I),I=j,IO),ICARL

601 101.0 FORMAT 117/17,SFT.0117,1OFT.Q/17)
602 STOP

END
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I SUBROUTINE HILEA
2 COMMON NROWS,NCOLS,GRID,CRSLP, PH!,THFTA,'.AWT (5)
3 COMMON IMDCQL(j0),IH!ROW(t0),EAST,XNORTH,XMY
4 COMMON SPAN,O,V,H,LANDG
5 COMM3NCABLE/ PROtLE(33,2),9FM!M(5),OENSTY(t0),
6 1. IGRIDS,ISYSTM,EL1,EL2,W1(5),W2(5),EACH(5),TMAX(5),
7 2 SPA 5,IBUFF,ITLROW,ITLCCL,DLAST,!LVLST,CJMDIST,
8 3 .LEV,TT,TAILt5) ,CLEAR(5,2) ,AVLOG(1C) , TPNM(10,5),
9 4 ISYS(5),WG(35)

to c
11 C THE MIGHLEAJ FEASIBILITY ANALYSIS CHECKS OR THE
12 C FOLLOWING: (1) SLOE JIST4NCE TO A PROFILE OINT
13 C GREATER THAN THE SPECIFIED M4XIMU' (2) 3LIM LEAD
14 C AREAS: (3) STREAM CROSSINGS, BUFFER STRIPS, OAOS,
15 C LANDINGS, OR THE CUTTING AREA BOUHOAY AND (4)
16 C PRFILE POINTS AT WHICH THE MINIMUM ACCEPTA3E USEP-
1.7 C SPECIFIED TURN VOLUME WILL CAUSE !XCSSIVE TEPISION
18 C IN THE MAINLINE. IF AN INFEASIBILITY IS JISOVERED,
19 C THEN THE MAXIMUM YARDING DISTANCE -XMYD IS IXEfl AT

20 C THE REVIOUS PROFILE POP!T. IF THIS DISTANCE IS
21 C LESS THAN 500 FEET, HOWEVER, THE CABLEWAY IS CISCAROE
22 C (U1LESS THE USERENTEFED TAILHCLD LOCATIO IS LESS THAN
23 C 500 EET FROM THE LANDING>.
24 C
29 I3LIFF=O
26 XIYDSPAN
27 CUMOTSTSDAR(ISySTM)2.
28 LASTO.
29 ELVLST=ELI-SPAR(ISYSTM)
30 00 130 J=t,I,RIOS
31 3LJ-i
3. IF (JL .ED. 0) GO Tfl 105
13 DLAST=PROFTLE(JL,i)
34 ELIII.STPDOFILELJL,2)
35 105 D='RFILE(J,i)
36 ELEV=POFILE(J,2)
37 CUMDISTCUMDIST+SDR1((D-DLAST)2 + (ELEV-

I 5T))
39 IF (CUMOIST .LE. R!ACH(ISYSTM)) GO Tfl 1GJ
40 C
41 C MAINLINE LENGTH EXCEEDED.
42 C
43 XMVO0-GID
44 G01fl140 -

45 100 ELIFF=PROFtLE(J,2>-(ELt-(OCH0SLP))
IF (LDIFF .LE. 0.) GD TO 110

47 C

48 C BLIND LEAD AREA DI5COVEED.
49 C
50 XMVDO-GRIO
51 GO TO 140
52 11.0 IF (AS(XNOTH) .LT. IE-IC) IP0W=IHOOW(LAN0G)
53 IF (A!(XNORTH) .GE. iE-1) IW=IFIX((FLDAT(I)DROW(LANDG))+
54 1 .5)_(SIN(PHI)(r),GRID)(XNORTH/ABS(XNORTH))))
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55 IF (A9SCEASI) .LT. IE-lO) ICOL=IHDCOL(LA)G)
56 IF (A9S(EAST) .GE. IE-lo) ICOL=IFIX( (FLO(1100L(LANOG))+
57 1 .5)+(COS(DHIJ(OfGRIDtEAsT,A3SEASTn

59 IFEAT=IFIXXMATRIX(IROW,ICOL,3) )
SO IF (hYDE .NE. 99 APfl, IFEAT .EQ. 99) GO TO 120
61 C
62 C 5TPAM CROSSING, CUF!P STRIP, COAD, LA4OIMG,
63 C OR ARZ 3OU4DARY ENCOUNTERED.
51+ C
65 ITYE=IFIX(XMATRIX(ITLøOw,ITLCUL,2))
66 IFEAT=IFIX(XMATRIX(ITLOW,ITLCCL,3))
67 IF (IFEAT .E. 3 .DR. !TYPE .EO. 99) I3UFF=1
65 XMYDO-1.
69 GO TO 11+0
70 C
71 C VARIARLE NAMES USED IN THE FOLLOWING SEION ARE
72 C REFERENCED TO THOSE USED IN TH HIGHLEAD TENSION ANALYSIS
73 C PORTION OF THE PAPER.
71

75 C COMPUTE THE TENSION P4 THE MAINLINE IF A MINIMUM
76 C LOAD WERE TO 9E 4PLIEO AT THE °ROFILE POINT.
77C
75 120 WL9#IN(ISYSTM)oENSTY(ITvE)

TEMSIDNTENS4CWL)
50 IF (TENSION .LE. IMAY(ISYSTMH GO TO 130
51 C
52 C MAXIMUM SAFE MAINLINE TENSION EXCEEDED.
3 C

XMVO=D-GRIO
55 GO TO 11+0
'S 130 CONTINUE
57 11+ IF (XMYD .GE. 503.) GD TO 150
55 IF (SPAN .LE. 500.) GO TO 150
59 C
90 C MAXIMUM FEASIBLE YAROING DISTANCE IS LESS THAN 500
91 C FEET FOR A POPOSZD S°AN O GREATER THAN GC
92 C THEREFORE, D!SCAO THE CA3LEWAY.
93 C

XMYDO.
95 RETURN
96 C
97 C COMPLETE THE CHECK ON MAINLINE EIGGING LENGTH
98 C CADACITY.
99 C

100 150 J=J1
101 IF U GT. IGRIDS) GD D 170
102 00 160 IJ,IGIOS
103 JLI-1
101+ 0LAST=POFILE(JL,1)
105 ELVLSTPROFILE(JL,2)
106 DDROFILE(I,t)
1'7 ELEVPP)FILE(I,2)
105 CUM0ISTCU4DIST+SOTC(O_DLAST).a2 f (ELEV-
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109 1 !LVLST)2)
110 160 CO'TINUE
111 170 CUMOISTCUM0IST+SQRT((PAt-O2 (EL2-
112 1 ELEV)'2)
11.3 IF (CUMOIST .LE. REACHtISYSTM)) GO TO 180
li C
115 C MAINLINE PIGGI'IG LENGTH CAPACITY EXCEEDEC.
116 C
117 XMYDO.
118 RETUN
119 C
1.20 C THE PROPOSED CALEWAY (OR THE PORTION O IT
121 C 3ETWEEN THE TOWER ANO THE MAXIMUM FESI3LE YRIHG
122 C D!STANE) IS ACCEPTED.
123 C
124 180 RETURN
125 END
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PAGE

I

1 OSU FORTRAN sUBøOUTThr SYLIME

SUBROUTINE SKYLINE
2 COMMON NOWS, MCOLS,GRID,CHOSLP,PHI,TMTA,CAwt(5)
3 COMMON IHOCOL(j0),IHDPOW(1O),EAST,xMORTH,XHY)

COMMON SPAN,O,Y,H,LANDG
5

6

7
8

9

COMMONCABLEf PROFILE(35,2,BFMIM(5),OENSTY(jC),
1 IGRIDS,ISYSTM,EL1,EL2,Wj(5),W2(5),REACH(5),TAX(5),
2 SPAR(5),IBUFF,ITLROW,ITLCOL,DLAST,LVLST,CUMDIST,
3 ELEV,TT,TAIL(5) ,CLAP(,,2),AVLOG(1fl) ,TUPNMX (10,5),

1 ISYS(5),WG(35)
10 C
ii C THE SKYLINE FEASIBILITY ANALYSIS CHECKS FDR THE
12 C FOLLOWING* (1) GROUND POFILE OISTANCE TO T-4E ANCHOR
13 C OINT (PLUS TWICE THE HEIGHT OF THE SPAR ND TAILTREE)
14 C GREATEP THAN SYSTEM C4P49ILITY (2) LOAD CA°AILITY
15 C AT ANY PROFILE DOINT LESS THAN THE MINIMUM ACZPTABLE
16
17

C
C

TURN VOLUME; (3) THE OCCURRENCE OF BUFFER STRIS,
ROADS, LANDINGS, O THE CUTTING 3OUNOARY ALONG

18 C THE CA3LEWAY (ANY QF THESE FIXES THE MAXIMUM YARDING
19 C OISTAWCE AT LESS THAN THE SPAT").
20 C
21 C IF Ii) IS DISCOVERED, THE CABLEWAY IS DISARDED
22 C IF (2), THEN THE TAILTREE HEIGHT (INITIALLY SET AT ZERO)
23 C IS RAISED BY 25 FEET AND THE LCAO CAPABILITY ECALCULATEO.
24 C IF STILL INFEASIBLE, THE TAILTREE HEIGHT IS AGAIN RAISED
25 C AND SO ON UP TO A MAXIMUM OF -TAIL(IZYSTM)- IF
26 C LOAD CAPABILITY IS ELCW THE MINIMUM FOR THE HIGHEST
27 C TAILTREE, THEN THE CA9LEWAY IS DISCARDED. I

28 C (3) is ENCOUMTEED, THEN -XMVO- IS FIXED AT THE DRESENT
29 C LOCATION. UNLESS THE CANDIDATE ANCHOR PQSITI3 IS LESS
10 C THAN 500 FEET FROM TH LANCING, HOWEVER, A CABLEWAY WITH
31 C -XMYD- LESS THAN 500 FEET WILL BE DISCARDED.
? C

13 IBUFF=0
34 XMYO=SPAN
15 CUMOIST=SPAR(ISvSTM'2
36 DLASTTT=0.
37 £LVLSTELi_SDAR(!SYSTM

00 icO .J=1,IGRIOS
39 JL=J-1
40 IF (JL .EO. 0) GO TO 105
'41 DLAST=PROFILE(JL,1
42 ELVLSTDRIDFILE(JL,2)
'43 105 D='ROFILE(J,t)
44 ELEV=POFILE(J,2I
'45 CUNOIST=CUMDIST#SORT((-OLAST) 4 (ELEV-EL/LET)2)
46 IF VUMDIST .LZ. RFACH(ISYSTM)) O TO 113

'48 C SKYLINE RIGGING LENGTH CAPACITY EXCEEDED.
49 C
50 XMYI=0.
El RETURN
2 110 IF (A35(XNORTH) LT. IE-lO) ICWTHD'OW(L4N0)

IF (ABS(XNORTH) .GE. IE-lo) IW=1FIXUFLOATUH'JRCW(LANDG))
54 1 .5) -



PAGE 2 OSU FORTP8N SUBROUTINE SKYLINE

55 IF (AS(EAST) .LT. 1E-lO) !COL=IHOCOL(LANOG)
56 IF (ABSCEAST) .GE. 1E-10 ICOLIFIX(L04T(I1D:oLfl.ANDG))
57 j f 5p CoSPHI,rIoEAT,AeSE4sTn),

ITYPEIFIX(ATP!XtROw,ICOL,2
59 IFZAT=IFIX(X4ATRIXCIROW,ICOL,3)
60 IF (ITYPE .NE. 99 .AMO. IFEAT .EQ. 9°) GO TO 120
61 IF (IFEAT .EQ. 1 .DR. IFAT .EO. 2) GO TO 12
62 C
63 C DUFFER STI, RAO, LANOING, OR AREA BOUJ4RY
6'+ C ENCOUNTERED.
65C
66 XMYO=fl-1.
67 IF (ITYDE .E. 99 .DR. IFEAT .EQ. 3) I3UFF=1
68 C
9 C THE PROEDURE IN THE FOLLOWING SECTION ES ESSENTIALLY

70 C THAT OF CARSON AND MANN (1B71). NOTE THAT Wd!N GROUND
71. C SKIDOING IS PERMITTED (IFEAT EQUAL T99), A OARRILGE
72 C CLEARANCE OF 5 FEET IS ASSUMED.
73 C
7' 120 Y=EL1-ELEV-5.
SC

76 C ADJUST FOR FULL SUSPENSION IF NECESSARY.
77 C
78 !F (IFEAT .E. 1) YY-CLEAR(ISYSTM,1)+5.
79 IF (IFEAT .ED. 2) YY-CLEARCISYSTM,2H5.
50 TIYIO
91 H=EL1-(EL2+TT)
92 T1(Y-H),LSPAN-O)
33 R1=W1. (ISYSTM)OSQPT(j. fT1Ti1

R2=W1(ISYSTM)1SPAJ-O)SQRT(j.,T3T3)
95 R3=W2(ISYSTM)OSQRT(1.+TjT1)
36 H2((W1(ISYSTM(SPAN-D),2.SQRT(j.l.T3T3)))
97 1 (T+SDRT ((.*((TMAx(ISY$TMf1wj(ISy5TM4 f3?N-O)))

2 -(Y/(SAN-))))2)-1.))
99 C
90 C ISYS(I5"STM)=2 FOR A LIVE SKYLINE AND FDR A
91 C RUlNTNC SKYLINE.
92 C
93

1 ISYS(ISYSTM)-1)R2)+3)-CAQ)'T(ISYSTM)
95C
96 C THE FOLLOWInG ASSUMES THAT 'HE KYLI4E
97 C C4'ACITY IS 1.5 TIMES GEAFR FO A CARnALLY SUSPENJE
98 C LOAD THAN FOR A FULLY SUSPENDED LOAD.
Q9 C

100 IF (IFFAT .N. 1) WG(J)=WG(J)'j.5
1'l IF (WG(J) .GE. 9FMIN(ISGTOEN3TY(ITrPE) T j5

12 C
103 C LOAO CADACITY XCEEOED INCRF4S TAILTRE HEIGHT

C IF PO3I3LE.
195 C
106 IF (IT .LT. TAIL(ISYSTM)) GO Tf ILD
107 139 XMYDO.
1138 RETURN
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109 ILO 11=11+25.
110 IF (TI .GT. TAILCISYSIM)) O TO 13
111 GO TO 120
112 150 IF (XIVD .LT. SPAN) O TO 170
113 160 CONTINUE
11 170 IF (XMYD .GE. 500.) GO 10 180
115 IF (SPAN .LE. 500.) GO TO 150
116 XMYOQ.
117 RETURN
US C
119 C COMPLETE THE CHECK ON SKYLINE RIGGING LEGTN
120 C CADACITY.
121 C
122 150 J=J+1
123 IF (J .GT. IGIOS) GO TO 200
12' DO 190 I=J,IGRIDS
125 JL=I1
125 DLA5T=P.DFILE(JL,1)
127 EVLST=PROFILELJL,2)
125 ELEV=P°OFILE(I,2)
129 OPOFILE(I,i)
130 CUMOIST=CUMOISTSQ'T((O_oLaST)2 + (ELEV-
131 1 £L/LS1)*2)
132 190 CONTINUE
133 2CC' CUMOIGT=CUMOTST#S 1(SDAIO)#+2 4 (EL2-
f3L 1. ELEV)2) + 2.1T
135 IF (CU)'DIST .LZ. PEACH(ISYSTM)) GO TO 210
136 C
137 C SKYLINE RIGGING LENGTH CPACITY EXCEEDED.
138 C
139 XMYOO.
1)#0

141 C
IL#2 C THE CALEWAY IS ACCEPTED.
1'#3 C
11, 210 00 20 J2,IGRIDS
lLe5 JLJ-1
16 I (WGJL) .LT. WG(J)) WG(J)=WG(JL)t7 220 ON1IPVJE

1+9 END
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PAGE 1 OSU FOTAN FUNCTION TENSW

1 FUNCIION TENSN(WL)
2 COMMIW NROWS,NCOLS,GID,CSLP,P(I,THETA,CApwT()
3 COMMON IWDCOL(jC),IHOW(jQ),ELST,xNORTH,xuyJ
4 COMMON SPAN,D,Y,H,L4'QG
5 COMON/CA3LE/ PR3FIL(35,2),3FMI,DEN3T'y(jI)
6 1
7 2 SPAR(5),IBUFF,ITLROH.ITLCOL,OLAST,:LVLST,CJMIST,

3 ELEV,Tr,T4ILt5),CLEA(5,2),4vLOGc1a,TuNMjuio,5),
9 ISYS(c),w6135)

10 C
11 C THIS FUNCTION COMPUTES THE TESIDN 1W T4E
12 C HtLEA MAINLINE WHEN A L043 OF WEIGHT WL IS
13 C IMPOSED UPON IT.
14 C
15 =WjSORT(DD + 3)
16 FWLWLS1N(THETA)
17 XMJNL=O.6WLCOS(THeTA)
15 WH3=W2SRT((SPANOI2 4 (YH)2)
19 FW9WHSIN(THETA)
20
21 TEMS'=Pf4.
22 T!NSNTENSN+( (FWLfXUNL)SIN(THETA))
23
24 1 SIM(THZTA)
25 TENSN=TENSW+(CHDSLP/2. + (HV)/t.0))tWHB
26 1 XMUNH9)COS(THTA
27 TENS?i=TENSu#CARRwT(Isy5TM
25 TENSN=TENSN,SIM(THETa)
29 ETUN
30
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PAGE 1 OSU FOTAN FUNCTION YDIST

1 FUNCTION YOIST(AYO)
2 COIMOP) NPOWS,NCOLS,GIO,CHOSLp,pHI,TfiETA,CAwr 5)
3 COWPION ICOL(13),IHDOW(jD),EST,xNQTH,xMy)
4 COMMON PAN,O,Y,H,LANOG
5 COMMONICABLE,
6 1 IGIOS,ISY$TM,EL1, EL2,W1 (5) ,W2(),!ACH(5),144X(),
7 2 SP4R(5),IBUFF,ITLOW,ITLCOL,0LAST,ELVLST,CUMJIST,
8 3
9 4 ISYS(5),WG(35)

10 C
ii C TlIS FUNCTION CONVT! AV8GE HOIZONTL YAR.ING
12 C OISTANCE INTO AN AVEAGE VaOING OISTANCE M3JO
13 C ALONG THE GOUNO POFIL.
14 C
15 SOIST=C.
16 OLt*ST=0.
17 ELVLST=EL1SPAR(ISYSTM)
18 J0
19 100 JJi1
20 JLJi
21 IF U .EO. 1) GO TO 1.05
22 DLASTPOFILE(JL,1)
23 !LVLST=POFILE(JL,2)
24 105 O=ROFILEtJ,1)

ELVPOFILE(J,2)
26 IF U .GT. IGRIO OSPAN
27 IF (J .01. IGIOS) ELEV=EL2
25 IF U .T. IIOS) D U 11.0
29 IF () .01. AYD) 60 ¶0 1IC
30 SOIST=SOISTfSQT((Q-3LaST2 (ELEV-ELVLST)2)
31 GO TI ioo
32 110 IF 3S(AYO)LAST) .L1. 1Elfl) GO TO 120
33 EL!V=ELEVELVLST)'(AYOOLAST)/-OLAST
34 SOIST=S0IST+STcuODLAST)*2 ELV82)
35 120 YD!ST=S0!ST

3P fl
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PAGE 1 OSU FORTAH SUBRDUTIE BIGS

1 SU9ROUTINE IGSQ(LOWROW.LOWCOL,IHIROW,IHICOL,DLAT)
2 COMMON NROWS,NCOLS,GRIO,CHOSLP,PHI,THETA,CAWT(5)
3 COMMON IMOCOL(j0),IHDROW(1),EAST,xNQRTH,xMyD
4 COMMON SPAH,D,y,H,LAMDG
5 COMMON/FFAS/ OW,AC3L,3OW,3COL,COW,CCOL,DROw,DCflL
6 INtEGER XMAXIF,XMINIF
7C
8 C THIS SUBROUTINE FINDS THE COOPOINATES O A

9 C RECTANGLE ENCLOSING THE CA9LEWAY AHO ITS LAT!6L
10 C YAQING AREA. IT ALSO FINOS 7H5 ROWS AND COLUMNS
11 C TO B! SEARCHED IN ORDER TO DETERMINE WHICH GRID-
12 C SQUARES ARE FULLY ENCLOSED WITHIN THAT RECTANGLE
13 C (AID THUS CAN 3E COMPLETELY YARDED FROM THE ARLEWAY).
14 C
15 C
16 C ADJUST FOR TN! AZIMUTH OF THE CAB1EwAY. OTE t1AT
17 C 45 DEGREES IS APPROXIMATELY EQUAL TO O.7853981 RADIANS.
18 C
19 IF (PHI .L!. .78539816) GO TO 10
20 )LAT1DLAT/SIN(PRI)
21 G=GRIDSIN(PHI)
22 GO TO 110
23 100 DL4T1=OLAT/COSpHI)
24 GGRID/COS(PHI
25 110 IF CD .GT. OLATI) OLAT1=G
28C
27 C FIND THE CORNERS OF THE RECTANGLE.
28 C
29 IF (ABS(XNORTH .LT. 15-10) SICN1O.
30 IF (43S(XNORTHI .GE. 15-ic) SIGN1=XMORTi4/AqSCXNOTH)
31 IF (BS1!AST) .LT. 15-IC) SIG'2=0.
32 IF (4S(EAST) .G. 1!-13) SIGN2=!T/A95(45T)
33 ARDWFLOAT(THOROWCLANOG))#.54C(DLAT1/GRIO).C(DNI).SI,)
34 ACDL=FLOAT(IHOCDL(LANDG))+.5((OLAT1,;RI SI
35
36
77 CRDW=APDW-((XMVO/G'!DINCpHISIr,N1)
.8
39 DDW=BROw- CXMYD/G'ID)4SINtDHI)4SIGw1,
40 DCDL3COL+C(XMYDIGRID)COS(PHI)SIGN
41 C
'2 C FIND THE Row AND COLJ4N LIMITS FOR THE SEARCH.
43 C

14 tHIRD WXMAX
45 LOV1ROWXMINIF (AROW,9ROW,COW,QF1)

IHICOL=XuAx1FucoL,cr)L,ccOL,oroL)
LOWCOLXM!MiFCACOL, 9CDL,CCOL ,DCOL)
IF (IHIROw .GT, MROWS) IHIROWNROWS
IF (LOWRW .LT. 1) LOWRDW1

50 IF (IHICOL .GT. NCCLS) IHICOLNCDLS
51. IF (LOWCOL LT. 1) LOWCOLI
52 RETUN
53 END
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PAGE 1 OSU FOTP8N 3UB'OUTIMF FZA

I SUDROUTINE FZA3(ROW1,POW2,COLl,CQL2,IRES
2 COMMON NROWS,NCOLS,G2ID,CHOSLD,DHI,THETA,CApwT (5)
3 COMMON ICOL10),IH)POW(10),AST,XNOTH,XY)
1 COMMON SPAN,O,Y,H,LAP4DG
5 COMMON/FEAS/ AROW,ACOL,9POW,9CL,CpOI.,CCOL,OW,DCOL
6 DIMENSION ROW(fl,COL2
7C
8 C P415 SURDUTINE DETERMINES WHETHER A GRIDSUAE
9 C DEFINED 3Y (ROW1,ROW2,COLI,COL2) IS FULLY !NLSED

10 C IN THE RECTANGLE (AROW,ACO ,(!ROW,3COL),(CW,CC0L),
11 C (DSOW,OCOL).
1.2 C
13 IRESO
i'+C
1.5 C CHECK THE IHTERSEC1ICNS OF THE SIDES O P4E
16 C RECTANGLE WITH THE COLUMNS OF THE GRIOSQUARE BEING
17 C COIDERED.
jR C
19 C IF THE CABLEWAY POINTS DUE E.T O WEST, THERE
20 C ARE NO INTERSECTIONS BETWEEN SEGMENTS 48 OP D AND
21 C TWE COLUMNS OF THE GRIDSQULE.
22 C
23 IF (ABS(XNORTH) .LT. iF-iC) GO TO 12
24 C
5 C CHECK THE INTERSECTION OF LINE AB AND TF LOWER

26 C COLUMN OF THE GRIDSOJARE.
27 C
25 ROW(1)=APOW-(ACOL-COL1(ARO14-BROwnACOL-BCL)
29C
30 C LINE AB AND TM UPPER COLUMN OF THE GRIJSOUARE.
31 C
32 ROW(2)AROW-(ACOL-COL2)14ROw-BROW/(ACOL-BCDU
33 C
3'+ C TEST THE INTERSECTIONS.
35 C
35 O 100 11,2
37 IF (YNOP.TH .LT. fl. .ANO. OW(I) GT. ROW1) PSETUR'
38 IF (XNORTH .T. 0. .ANO. 'DW(I) .LT. ROW2) RETURN
39 100 COJTINUE

C
1 C LIME CD AND THE COLUMNS.
2 C

43
'+4 ROW(2)=CROW-(CCOL-COL2)(CRDw-nROw),(CCQL-DcDL)

00 1.1.0 1=1,2
IF (XNORTH .LT. 0. .ANO. OW(I .L. ROW2) RETURN

17 IF (XNORTH .CT. 0. ANO. 0WtI) .GT. OW1) RETURk
'5 110 CONTINUE
Q C

50 C IF THE CABLEWAY IS ORIENTED DUE NORTH OR SOUTH,
51 C THERE RE NO INTERSECTIONS BETWEEMS LINES AC 1 D ANC
52 C THE COLUMNS OF THE GRIDSCU4RE.
53 C
5'+ 120 IF (AS(EAST) LT. lE-lO) 0 TO 17!?
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75C

223

77 C LIME 43 AND THE POWS.
78 C
79

CDL (2) ACOL-( AD OW-OW2) ACOL-DCOL)f (A
00 150 1=1,2
IF (EAST .L1. 0. .AND. COLCI) LT. CDL2) ETJ
IF (EAST .51. 0. .ANO. COL(I) .51. CCLI) ETJN

8'. 150 CONTINUE
'5 C
36 C LIME CD AND THE DWS.
37 C
98

90 00 160 1=1,2
91 IF (EAST .LT. 0. .AND. COLCI) .51. CDLI) E1JN

IF (EAST .51. 0. .AMD. CDL(I) .LT. CDL2) ETJ
93 p160 COMTIMUE

'. C
95
96

C

C

IF THE CAqLEWAY IS OP.IENTEJ DUE EAST D WEST,
THERE AE MO INTESETIONS ZTWEEN LINES AC DF

97 C O AND THE DWS.
93 C
99 170 IF (49S(XNOTH) LT. IE-IC) GO TO 200
1CC C
101 C LINE AC AND THE nws.
102 C
1i"3 COL(I)=ACOL-(AOW-OW1tACOL*CCOL)/AOW-CW)
10'.

105 00 iSO 1=1,2
106 IF (XN0TH .LT. 0. ANO. COL(I) .GT. CDLI) 5J!
107 I (XMORTH .GT. 0. .AND. L(I) L'. C1L2) DETJN
108 180 CO1TIMUE

PAGE 2 0S'J FOTAN SU9DUTINE FEA

55 C
56 C LIME AC AND THE COLUMS.
57 C
58

60 00 130 1=1,2
61 IF (EAST LT. 0. .AMD. POW(I) .GT. GW1) rJ4
62 IF (EAST .51. 0. .A93. ROWI) .L1. CW2) ETJP4
63 130 CONTINUE
c C
55 C LINE 3D AND THE COLUHNS
56 C
67
53
59 DO 10 1=1,2

IF (FAST .LT. 0. .A'0. 'W(I) .LT. OW2) ETJ4
71 IF (EAST .51. 0. .AND. W(I) .51. 0W1) ETJ
72 i(#0 CONTINUE
13 C
7e C CHECK THE INTESECT1ONS OF THE SIDES DF THE
75 C ETANGLE AND THE 0WS OF TH GIDS3UAE.



PAGE 3 OSU FOPTRAN SU3ROUTINE AS

109 C
110 C LINE 3D AND THE ROWS.
111 C
112
113 OL2)=9COL-(3ROW-ROW2).(9OL-QCOL), (3°CW-ORW)
11 00 190 1=1,2
115 I (XNORTH .LT. 0. .AN!I. COLtII .LT. COL2) ETJN
116 IF (XNOTH .GT. 0. .ANfl. CDLII) GT. COLA) ETUN
117 190 CONTINUE
11 C
119 C IF WE GET HERE, THE GIDSQUARE IS FULLY NCLCSE
120 C IN TH RECTANGLE.
121 C
12 200 IRESI
123 ETUN
12 END
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PAGE 1. OSU FOTAM FUNCTION PTELEV

1 FUNCTID9 PTELEV(ROW,COL)
2 COMMON WPOWS,WCOLS,GRID,CHDSLP,PHI,TMET4,'AWT5)
3 COMMON IHDCOL(j0),IHDOW(jfl),EAST,xNTH,xMyJ

COMMON SPAN,3,Y,N,LAMOG
50
S C THIS FUNCTION DETERMINES THE APPROXIMATE ELEVATION
7 C OF A REAL POINT WITHIN THE GRIOSQUARE tI?W, ICOL).

9
10 C
11 C TEST TO SEE WHTHEP A FULL UNIT SQUARE AN 3E CON-
12 C STRUCTED 'AROUND THE POINT FO WHICH THE ELEVATION IS TO
13 C E FOUND.
1'. C
15 IROW=IFIX(POW)
16 ICOL=IFIX(COL)
17 RRDW=ROW-FLOAT(IROW)
18 CCOL=COL-FLOAT(ICOL)
19 IF (IROW .E. 1 .ANO. RROW .L. .5) GO TO 103
20 IF (IRON .EQ. NROWS .AND. DROW .GE. .5) O TO 118
21 IF (ICOL .EO. 1 .AND. COOL .1.E. .5) GO TO 13
22 IF (ICOL .EQ. NCOLS .ANO. COOL .GE. .5) GO TO 130
23 C
24 C IF WE GET HERE,. THEN A FULL SQUARE CAN
25 C CONSTRUCTED AROUND THE OIMT.
26 C
27 GO TO 140

., C
29 C THE POINT IS IN THE TOP HALF OF ROW 1.
30 C
31. 1.00 IF (ICOL .EQ. I AN). CCCL .LE. .5) PTELEV=
32 1 XMATRIX(IROW,ICOL,j)
33 IF (ICOL .E. NCOLS .ANO. COOL .GE. .5) ELEV
34 1 XMAT.!XttROW,ICOL,j)
35 IF (DTELEV .LT. -.5E300) GO TO 120
36 RETURN
37 C
i C THE POINT IS IN THE 2OT0M HALF OF ROW '4DWS.
39 C
40 110 IF (ICOL .E0. I .ANO. CCOL .LE. .5) °TELEV=
41 1 XMATRIX(IRDW,ICUL,1)

IF (ICOL .E. WOOLS .AND. COOL .GE. .5) TZLEv=
43 1 XM4TRIX(IROW,I!OL,1)
44 IF (PTELEV .LT. -.5E300) GO 10 120
45 RETURN
45 C
47 C FIND THE ELEVATIOr FOR THE DINT IN 'HE TD (
48 C BOTTOM) HALF OF THE FIFST (O LAST) DW.
49 C
50 120 DELTA=COL-(FLOATUCOLn.5
51. IF (DELTA.GE. C.) ICOL1=ICOL#1
52 IF (DELTA .LT. 8.) ICOLI=ICOL-1
53 IF (JELTA .LT. 0.) DELTAOELTA(-i.)
54 TELEV=xuATRTx(IOw, ICDL,1) +(DELTA(
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PAGE 2 OSU FOTRAN FUNTIO' PTELEV

55 1 XMATRIX(I3w,ICLj,1)-XMaTRIx(IOw,ICOL,j)))
56 ETUN
97 C
58 C IF WE GET HERE, THEN THE OINT IS IN EITHER THE
59 C LET HALF OF THE LEFTMOST OLUMN,OR IN THE IGKT HALF
50 C OF THE RIGHTMOST COLUMN, BUT NOT IN THE TOP DR 3OTTOM
81 C Row.
62 C
83 130 OELTA=Rw-LOATcI'rwi+.5i

IF OELIA .GE. 0.) IROw1=Iow+.
55 IF (DELTA .LT. 0.) IOW1=IROw-i
66 IF (DELTA .LT. 0.) OELTA=OELTA'(-l.)
67 PIELEV=XMATRIX(IROW,ICOL,j) +(OELTA(
58 1. XMATRIXCIROW1,ICOL,1)-XM4TIX(IOOW,ICOL,1)))
69 RETURN
-0 C
'1 C THE FOLLOWING DROCEnURE COMTRUCTS A UNIT SQUARE
'2 C ARDUIO THE POINT FOR WHICH THE ELEVATION IS TO E FOUND.
73 C THE CORNERS OF THE SOURE ARE A THE CENTROIDS O
7 C GRIOSQUARES (IPOW,ICOL), (IROW1,ICOL), (IR0W,IOLj),
75 C AND tIPOW1,ICOLj.).
75 C
77 C 3EGIN BY PROJECTING 8 LINE EGMFNT FROM THE CENTRDIJ

3 C OF GRIDSDUARE (IROW,ICOU THROUGH POINT (OW,COL)
79 C COMPUTE THE ELEVATION OF IRE PCINT WHERE THAT LINE
80 C SEGMENT INTERS?CTS A SIDE OF THE UNIT SQUARE. THEN! CON-
81 C PUTE A PROJECTED ELEVATION BACK TO THE POTT I'SELF.
32 C
33 t'.O -DELTAtCOL-(LOAT(ICOL+.5

IF (DELTAI .E. 0.) ICOLI=ICOL+i
35 IF (DELTA1 .LT. 0.) ICOL1=ICOL-1
86 )ELTA2=ROW-(FLOAT(IROW)+.5)
87 IF (DELTA2 GE. 0.) IROW1=IPOW
38 IF (OELTA2 .LT. 0.) IROWI=IROW-1
89 DTZLEVO.
90 CALL AVELEVDELTA1,OELTA2,IROW,IDWi,ICOL,ICDLt,EL2)
qi IF C!L2 LI. 0.1 EL2XUATRTX(IOW,ICCL,1)
92 PTELEV=OTELEV+EL2
93 C
9 C OJECT THE LIME FROM THE CE!TROID OF GRIJSQUARE
95 C (IROW,ICCLI).
96 C
97 IF (ABS(OELI81.) .EQ. 0.) DELI=1.
98 IF (ABS(OELIA1) NE. 0.) OEL1=4i.-ABS(OELTA1))'c-j.)
99 1 flELT41f(ABSOELIA1fl)

100 CALL AVEL!V(DEL1,Ofl.TA2,IROw,IQWi,IC0L1,ICo_,L2)
1'1 I CEL2 .LI. 0.) ELXUATIXCIOW,ICCL,i)
102 PT!LEVDTELEV.EL2
1030
10. C PROJECT THE LINE ROM THE CENTRID CF GRIOSQUARE
105 C (IROW1,ICOL).
106 C
107 IF (A9S(OELTA2) .EO. C.) OL21.
103 IF (A95(JELT42) .ME. 0.) L2(1.-AS(DELT2))(-1.)'
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PAGE 3 OSU OTRAN FUWCTIOM PTE!..EV

1Q9 I (DELTA2f4SOELTA2fl
110 CALL AVELEV(OELT41,OEL2,IOW1,IW,ICOL,ICOL1,L2,
ill IF !L2 .LT. 0.) EL2XMATIx(IPDt4,ICCL,j)
112 PTLEV=DTELEV+EL2
113 C
114 C PROJECT TH LIME FROM THE CENTRCIO OF GUDSQUARE
115 C (TROWIgICOLL).ii C

117 CALL ELEV(OEL1,OEL2,IOW1, IOW,ICOL1,ICOL,jL?)
t1 IF tEL2 .LT. 0.) EL2XMAT!X(IROW,ICtL,i)
119 PTELEV=TELEV.ZL2
120 C
121 C COMPUTE THE MEAN OF THE FOUR ESTIMATES.
122C
123 TELEVPTELEV,'.
12 RETURN
125
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PAGE 1 OSU ORTAH SUOUTINE AVELEV

3C
110 IF CXHATRIX(IROW1,ICOL,j) .LT. 7E .OR.

1 XMATRTX(IROW1,IOL1,fl .LT. 7E) GO T'

1 (XMATFI(IOQW1,ICOL,)_XMTTXRO,!OLj,1)})
'B C
L.9 C FIND THE DISTANCE TO THE INTERSECTION.
50 C
51 OIST=SQRT(cDELTAj/"ELTA2)2 + 1.)
52 GO TO 100
53 C
54 C IF WE GET HERE. THE GRIDSQUARE INTO WHICH THE
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1

2
3

SC
6 C
7 C
B C
9 C

10 C
11 C
12 C
13 C
1 C
15 C
16 C
17
1 C

19 C
20 C
21 C
22 C
23 C

25
'6
27
2B C
29 C
30 C
31
32 C
33 C
3 C
35

37
B C

39 C
40 C
i C

L2 C

100

SUROUTIWE AVELEV CDELTA1,OELTA2,IROW ,IROW1, IOL,ICOL1EL2)
COMMON OWS,WCOLS,GID,CHOSLP,PHI,THETA,CAWT(5)
COMMOM IHDCOL(j0),IHOROW(jQ),EAST,XMOPTH,XMY)
COMMON SPA 4,O,Y,tl,LANOG

THIS SUBROUTINE ESTIMATES THE ELEVATION AT ANY POINT
BY CONSTRUCTING A UNIT SQUARE AROUND THE P0IIT. THE
CO°NES OF THE UNIT SQUARE AR! AT THE CENTROTDS OF THE
CLOSEST FOUR GRIDSOUAPES, ONE OF WHICH CONTAINS THE PCI'1T
ITSELF. EACH TIME 'THIS SUBROUTINE IS CALLED, A LINE
SEGMENT IS COSTRUCTEO FPQM THE OORNER OF THE JNIT SQUARE
AT (IROW, ICOL) THPOUGH THE POINT OF INTEREST. THIS LIME
SEGMENT INTERSECTS ONE OF THE SIDES OF THE U41T SQUARE.
FROM KNOWN ELEVATIONS AT 'HE CORNEPS OF THE iNTl SQUARE,
AN ESTIMATE OF THE ELEVATION AT THE POINT IS COMPUTED.

IF (48S(DELTAI) .LT. ABS(OELTA2)) GO TO 110

A LINE SEGMENT PROJECTED FROM (IROW,ICOL) THROUGH THE
POINT OF INTEREST WILL INTERSECT THE LINE SEGMENT BETWEEN
THE CENTROIDS OF tIROW,ICOj) AND (IOW1,ICO_t), FIND THE
ELEVATION AT THAT IMTSECTION.

IF (Y'1TRIX(IR3W,tCOL1,1) .LT. 7Es .OR.
1 XMATRI(IROWj,ICOL1,1) .LT. ?Es) GO rO 120

1 (XMATRtx(IRQW,ICOLj,1)xMATIx(IRCwj,ICOLj,j)))

FIND THE DISTANCE TO THE INTERSECTION.

JIST=SQRTUOELTA2/DELlA1)2 + 1.)

ESTIMATE THE ELEVATTON AT THE POINT OF INTEREST.

ZL?XMATPjX(IROW,ICOL,1)((SQR(OFLTA1OELTAt
1 DELTA O!LTA2J/OTST)'(XMATIX(IOW,ICOL,1EL1))
RETURN

A L!NE SEGMENT ROJECTED FROM (IROW,ICC) THROUGH THE
POINT OF INTEREST WILL IN'ZRSECT THE LINE S!MENT SETWE!1 THE
CENTROIDS OF (IPOW1,ICOL) AND (IROW1,ICCL1). FIND THE
ELEVATION AT THAT INTERSECTION.



PAGE 2 !)SU FOTAN SUBROUTINE AJELEV

55 C LINE SEGMENT FO' (IOW,ICOL) IS PROJECT!O TUGH
56 C THE °OINT IN QUESTION HAS AN ELEVATION WHICH WAS NOT
57 C EMTEED 'IA THE DATA MATIX. THEFFORE, ESTIHATE
5 C THE ELEIATION OF THE POINT AS BEING EQUAL TO hAT OF

59 C THE CENTROID OF (IROW,ICOL).
50 C
61 i20 EL2XMATRIX(IROW,ICL,i)
52 RETUN
53 END
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PAGE 1 OSU FORTRAN UNCTION XMAT'IX

I FUNCTIO9 XMATRIX(I,J,K)

230

2
3

5C
6 C
7 C

C
9 C

1.0 C
1.1 C

12 C
13

15
16
17
18
19

100

COMMON NFOWS,NCOLS,GRID,CHDSLP,PHI,THETA,CAPRWT ()
CO'4PION IHDCOL(10,IROw10),EtST,XMORTH,vY)
COMMON SPAN,D,Y,tl,LAMDG

THIS FUNCTION READS A PANOOMACcESS VILE
EDJIPPED TO LOGICAL. UNIT K, AND .FTUS A IlGLE
FLOATING POPIT VALUE. IF K1, THE VALUE RETJP1ED
IS THE ELEVATION OF POINT (I,J), IN FEET? IF K:2,
IT IS THE FOREST TYPE OF THE POINT AND I K3,
IT IS THE SPECIAL FEATURE CODE OF TH DOINT.

IPJ (NCLS(I-1) )-1
CALL SEEK(K,ID)
READ (K,100) X

FORMAT (Fi.0)
XMATRIX=X
ETUN
END



Grid No. No.

Length Rows Columns

APPENDIX III

USER'S GUIDE TO THE
LOGGING FEASIBILITY AND COST ANALYSIS PROGRAMS

Data required are of four types:

1. Elevation matrix -- the average elevation of each matrix parcel
must be recorded on a word-addressable, random-access file
equipped to logical unit number 1. Each elevation must be right
adjusted on a single BCD word (maximum elevation 9999).

2. Forest type matrix -- a vegetative type code corresponding to each
matrix parcel must be recorded on a word-addressable, random-access
file equipped to logical unit number 2. Each code must be right
adjusted on a single BCD word. Codes should be numbered from 1 to
N, where there are N vegetative types on the area. Code number 99
signifies that the parcel is outside of the planning area.

3. Physical feature matrix -- a code signifying the physical feature
corresponding to each matrix parcel must be recorded on a word-
addressable, random-access file equipped to logical unit number 3.
Each code must be right adjusted on a single BCD word. Codes
which are currently recognized by the programs are as follows:

Code Interpretation

1 Full suspension of logs over this parcel is required.
2 Partial suspension of logs over this parcel is required.
3 This parcel is a buffer strip or other reserved timber.
4 Road
5 Landing

99 Ground skidding of timber is permitted.

4. Run data -- a free-format BCD file pertaining to an individual run,
as described below. This file must be equipped to logical unit
number 5.

Run title -- any descriptive title of 80 BCD characters or less.

Matrix data -- the grid length, in feet, which has been super-
imposed over the area; the number of rows in the grid; and the.
number of columns. The grid length is the length of one side
of an individual gridsquare, or parcel.

The format for this data line is as follows:
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Sys Sys Max Max Segl Seg2 Max. Carr. Spar Tail Carr. Clr. Mm.
No. Type Reach Lat. Wt Wt T Wt Ht Ht Full Part fbm/turn

Cost Move Rig Tail Road Change Add Time
$/hr Cost (minlft) ct ct1 Through Buffer

,

Following is an explanation of these entries:

System number -- a number which identifies each yarding system to the
programs. The maximum system number presently available is 5.

System type - l=highlead
2=live skyline with or without haulback
3=running skyline

Maximum reach -- the effective limit, along the ground surface, in feet,
of the distance between the landing and the anchor.

Maximum lateral -- an estimate of the greatest slope distance, perpen-
dicular to the cableway, from which logs may be yarded laterally. This

may be set according to either physical limits or what is desired. Note,

however, that the actual resolution of the model is dependent upon parcel
size, and for larger grid lengths the number entered here may have to be
ignored if the program is to be able to analyze the yarding system at
all. As an example, the lateral resolution for a 100-foot grid length
is between 50 and 50J feet, depending upon the orientation of the
cableway relative to the axes of the grid. Smaller entries in this
space will therefore be ignored. Knowing this fact, it is possible to
simulate closer spacing of yarding roads by increasing the cost of cable-
way emplacement.

Segment 1 weight -- the unit weight (lbs/lineal foot) of the mainline
(for highlead systems), the skyline (for live skyline systems), or the
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c. Yarding system data -- this is a set of lines, one for each
yarding system to be analyzed. Information listed below must
be entered for each yarding system. If the data for any
system is too long to fit on a single line (or data card), it
may be continued onto additional lines or cards.

After data for all yarding systems to be considered (up to a
maximum of 5) has been entered, the number 9999 is used to
terminate input of this data type.

The format for entering yarding system data is as follows:

, , _____, _____, , , _____, , ,
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haulback (for running skyline systems).

Segment 2 weight -- the unit weight (lbs/lineal foot) of the haulback
(for highlead systems) or the combined main and slackpulling lines (for
skyline systems). Weight of the carriage dropline is not included.

Maximum tension -- the maximum safe tension permitted in the controlling
line, in pounds. The controlling line is assumed to be the mainline
(for highlead systems), the skyline (for live skylines), and the haul-
back (for running skylines).

Carriage weight -- total weight, in pounds, of the carriage or butt
rigging.

Spar height -- vertical height of the tower, in feet, above the centroid
of the grid at which the spar is located.

Tailtree height -- maximum height of the tailhold in a rigged tailtree,
above the elevation of the ground. This is dependent primarily upon the
size and quality of trees available for use as tailtrees. It is always

equal to zero for highlead systems.

Carriage clearance (full) -- the minimum distance, in feet, by which
the carriage is suspended above the ground in order to permit full sus-
pension of logs at any point. Includes allowance for chokers and log

length.

Carriage clearance (partial) -- same as above, but for partial sus-
pension of logs.

Minimum volume/turn -- the minimum acceptable average volume, in fbm,
for this yarding system. It is important that some volume greater than
zero always be entered in this space. If harvesting priority is high,
and the importance of yarding cost is small, then the actual entry can
be made quite small.

Cost per hour -- the estimated total of fixed and operating costs of the
yarding system, including both machinery and crew costs for yarding and
loading. The cost of equipment necessary for yarding but not actually
used during yarding, such as fire fighting equipment or crew vehicles,
should be included.

Moving cost -- the estimated fixed cost, in $, of rigging down at the
previous setting, moving, and rigging up. Includes moving charges for

all personnel and equipment necessary for yarding and loading.

Tailtree rigging time -- an estimate of the time required to rig a tail-
tree, in minutes per foot of tailtree height. This time is used to
estimate cableway emplacement cost. As that cost is based upon an
estimate of emplacement time (see equation [3.26]), this coefficient
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should be adjusted so that it reflects only yarding system time. As an
example, suppose that tailtree rigging time is estimated to take two
men 1.6 minutes per foot of tailtree height, and that the tailtree will
be pre-rigged. If the cost of the two men is $12 per hour, the total
cost of rigging the tailtree is estimated to be $16 for a 50-fOot tail-
tree. If the yarding system costs $100 per hour, then the equivalent
time which should be entered here is (16/100)(60)/50 = 0.192 system-
minutes/foot of tailtree height. This is then c2 in equation [3.261.

Road change coefficients -- cij and in equation [3.26]. If it does

not seem appropriate to assume that road changing time is a function of
external yarding distance or distance to the tailhold, then enter c
as the expected road changing time, in minutes, and c& as zero.

Add time through buffer -- a3 in equation [3.26]. This is the time,
in minutes, by which road changing time should be increased when the
lines are to be threaded through a buffer strip or other standing timber.

d. Yarding regression coefficients -- this is a set of lines,
each of which describes the seven linear regression coeffic-
ients 8 through 8, and the delay factor, ô, as described
in equation [3.19], f or each yarding system to be considered.

After regression coefficients for all yarding systems to be
considered have been entered, the number 9999 is used to
terminate input of this data type.

The format for entering yarding regression data is as follows:

System
No. $ 8i 8 83 84 8

, , ,__-____,

Following is an explanation of these entries:

-- the regression constant, in minutes.

-- the regression coefficient corresponding to volume per turn, in
minutes /f bm.

-- the regression coefficient corresponding to volume per log, in

minutes / fbm.

-- the regression coefficient corresponding to slope yarding distance,

in minutes/foot.
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-- the regression coefficient corresponding to slope lateral yarding
distance, in minutes/foot.

-- the regression coefficient corresponding to logs per turn, in
minutes/log.

-- the regression coefficient corresponding to chordslope, in min-
utes/percent. Note that chordslope is assumed to be in percent
as measured from the horizontal and from the point of view of
the landing. Thus, it will always be negative for uphill yard-
ing, and positive for downhill yarding.

-- the delay factor. S=l.l5 indicates that delays will increase
total expected yarding time by 15 percant.

Note that if a regression equation is to be used which has only some
subset of the above, then any missing coefficients should be entered
as zeroes. Similarly, if a regression equation is to be used which
contains additional independent variables, then the average of those
variables multiplied by their regression coefficients should be added
to

e. Landing data -- this is another set of lines, one line for
each landing site which is to be considered.

After data for all landings (up to a maximum of 10) has been
entered, the number 9999 is used to terminate landing data
entry.

The format for entering landing data is as follows:

Following is an explanation of these entries:

Parcel location of spar -- the row and column in the data matrix in which
the yarder will be located if this landing is used. For computation
purposes, the yarder is assumed to be centered in this parcel.

Fixed cost -- the total estimated fixed cost associated with establish-
ing the landing, including any spur road construction which would
otherwise not be required.

Parcel
Landing of Spar Fixed Haul

No. Row Column Cost Cost

, , ,
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9999

, , , , ,.,

Repeats for all
yarding systems

Following is an explanation of these entries:

Type code -- a two-digit code which identifies a particular vegetative
type to the user.

Volume per acre -- an estimate of the average volume per acre in the
timber type, in fbm/ac.

Volume per log -- an estimate of the average volume per 32-foot log
in the timber type, in fbm/log.

Wood density -- estimated density, in lbs/fbm, of the wood in the tim-
ber type.

Expected mill price -- the estimated price which logs from this timber
type will bring at the mill or appraisal point, in $/Mfbm.

System code -- the number of one of the yarding systems for which data
were entered in step c (above).

Number of logs -- an estimate of the maximum average number of logs per
turn which this system can be expected to yard from this timber type.
This estimate is based upon the distribution of trees in the type and
the capabilities of the yarding system for reaching widely dispersed
logs. It has nothing to do with the lifting capacity of the yarding
system, as that is evaluated internally.

If data for N yarding systems were entered in step c, then N sets of
yarding system and number of logs must be entered here.
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Haul cost -- the estimated cost, in $/Mfbm, of hauling logs from this
landing to the mill or appraisal point.

f. Forest type data -- a set of lines which describe the forest
types which reside on the planning area.

After data for all forest types (up to a maximum of 10) has
been entered, the number 9999 is used to terminate entry of
this data.

The format for entering forest type data is as follows:

Expected
Type Volume Volume Wood Mill System No. System No.

Code per ac per log Density Price Code Logs ... Code Lo



88881

Yarding
Syst em

9999
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g. Cableway data -- this section of the data file is used to
enter all of the candidate anchor positions which are to
be examined for each landing and yarding system combination.
This is the final section of the data file, and there is
no limit to the number of anchor positions which can be
entered here; the program will continue analyzing such alter-
natives until it either runs out of data or is stopped for
some other reason.

After all of the candidate anchor positions for one yarding
system at any landing have been entered, the number 8888 is
used to signal that the program is to begin analyzing
candidate anchor positions for another yarding system at
the same landing. When the analysis is to proceed to a
new landing, the number 9999 is used instead. This procedure
continues until the entire data file is exhausted. At least
one candidate anchor position must be examined for each yard-
ing system which is to be considered for emplacement at any
landing.

The format for entering this data is as follows:

Landing
No.

Yarding
Sys t em

Candidate Anchor ... Candidate Anchor
Position Position

Row Column Row Column

Repeats for all candidate anchor positions for
this landing and yarding system combination.



Example -- Run Data File

The data file listed below was used for the example problem in
Chapter III. see Tables 1 and 2 for summaries of the data. Also, Table
3 summarizes the results for one of the candidate anchor positions,
(3,5), for both yarding systems.

Circled letters to the left of the data file reference the data
types described on the preceding pages.

EXAMPLE PROBLEM -- HIGHLEAD AND RUNNING SKYLINE
100,5,5
1,l,950,75,l.42,l.04,26500,300,50,0,0,0,200,75,650,0,20, .01,40

,.. 2,3,2000,200,l.42,2.14,26500,1000,50,50,50,20,300,95,l000, .2
' 30,.05,20

9999
1,3. 95,2.880E-3,-4.034E-3,l.7E-3,O,O,O,l.l5
2,3.191,l.003E-3,-1.063E-3,2.337E-3,1.186E-2,0,0,l.2
9999
1,5,2,18000,11.00

0 2,4,5,16000,10.00
9999
1,30200,140,8.5,125,1,3,2,5

0 2,63800,230,8,175,1,2,2,4
9999
1

1

1,3,3,5
8888
2

1,3,3,5

O 2

1

2,2,4,1
8888
2

2,2,4,1
9999
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Output Files

In addition to the summary output (see Tables 2 and 3) which is
written onto logical unit number 6 (usually equipped to a line printer),
output files are also written onto logical units number 7 and 8. These
are used as input files for the CASCADE optimization processor. Their
format is as follows:

LUN 7 -- each record contains a cableway number, parcel number,
and the value of the parcel if it is harvested over that cable-
way. The FORTRAN format of this file is (15,1X,15,1X,Fll.2).

The parcel number is a single integer which identifies the row
and column of the parcel in the rectangular, fixed grid digi-
tal map.

Let I = the row of the parcel, where row 1 is the topmost row;
J = the column, where column 1 is the leftmost column;

NCOLS = the total number of columns in the map;
IPRCL = the index number of the parcel.

Then IPRCL = J+(NCOLS*(I_l))-.l

Conversely, if IPRCL is known, I and J can be found as follows:

TENP = FLOAT(IPRCL+1)/FLOAT(NCOLS)
I=IFIX(TENP)+l
J=IFIX(((TEMP_FLOAT(I_l))*FLOAT(NCOLS))+.5)

LUN 8 -- this is a word-addressable random-access file which
contains cableway identification data. Each cableway can be
fully identified by a unique combination of:

1 -- yarding system
2 -- landing
3,4 -- anchor position (row,coluinn)
5 -- tailtree height
6 -- estimated cableway emplacement cost

Each of these six items is right adjusted on a single BCD word.
Thus, the effective FORTRAN format is (414,2F4.0).

The cableway number is one greater than the record number, where
the six items above are all contained on one "record". Records
are numbered from 0; cableways, from 1.
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Following are listings of LUN 7 and 8 from the example problem in
Chapter III (Tables 1-3, Figures 14 and 15).

LUIST 7

240

1 16 2207.14
2 17 2203.79
2 18 2197.10
3 7 689.97
3 11 695.63
3 12 694.47
3 13 675.73
3 16 2254.17
3 17 2249.97
4 11 677.85
4 12 686.41
4 13 695.10
4 17 2251.13
4 18 2245.05
6 16 2204.94
6 17 2213.32
6 18 2221.25
7 7 701.82
7 12 701.77
7 13 705.50
7 16 2221.59
7 17 2247.45
7 18 2273.42
8 U 680.32
8 12 695.44
8 13 699.92
8 16 2253.51
8 17 2261.12
8 18 2268.33

LUN 8

1 1 1 3 0 80
1 1 3 5 0 30
2 1 1 3 50130
2 1 3 5 25 85
1 2 2 2 0 80

1 2 4 1 0 30
2 .2 2 2 50 93
2 2 4 1 0 79



APPENDIX IV

Listings of the Heuristic Optimization Programs
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AG! 1. OSU FORTRAN ROGRAM CASCADE

I P°OGRAM CASCADE
2 COMMON IBUFtk5C),IBUFj(5O),CMUVZE),CLAP4I1O),NROWS,NCOLS
I COMMON LAMBDA (10)
I. DIMENSION 01(10)
5C
6 C THIS PROGRAM ATTEMPTS TO FIND, FOR SOME FOREST
7 C DLANNING AREA, THE OPTIMUM ASSIGNMENT OF TIMBER
8 C DARCELS (I) TO CABLE YARDING FACILITIES WHICI ARE
B C AVAILABLE TO HARVEST THEM. THE FACILITIES CON-

10 C SIDERED IN THIS CONTEXT ARE:
11 !

12 C LANDINGS (L), AT EACH OF WHICH NO HO°E THAN
13 C ON! OF SEVERAL ALTERNATIVE YARDING SYSTEMS MAY
1L C BE EMPLACEU
15 C
16 C YARDING SYSTEMS (K) AND
17 C
18 C C4BLEWAYS (J). EACH CABLEWAY I! DEFINED BY
10 C A UMIDUE COMBINATION OF LANDING, YARDING SYSTETM,
20 C AN!) ANCHOR LOCATION.
21 C
22 C
'3 C PROGRAM CASCADE IS ENTERED WITH THE FOLLOWING

C DATA*
25 C
26 C LUN 7 (SEDUENTIAL ACCESS FILE) - A LISTING OF
27 C NCOLS, NSYSTMS, CMOVE(I), NLNOGS, CLANOCI), AND
'B C NCABLS. FORMAT IS tI7/I7,5F7.O/I7,i0F7.0I7). THIS
?B C IS OUTUT FROM PROGRAM CABLYRO-.
30 C
31 C LUN 8 (RAF) -- A LIST OF ALL CARLEWAYS TO BE
3' C CONSIDERED FOR HARVESTING THE PLANNING AREA. EACH
TI C CABLEWAY IS DESCRIBED BY SIX ADDRESSABLE RECDROS
3Ls C

5 C RECORD 1 -- SYSTEM NUMBER:
16 C RECORD 2 -- LANDING NUMBERS
17 C RECORD 3 -- ROW OF ANCHOR LDCATIOP4
18 C RECORD Zi. -- COLUMN OF ANCHOR LOCATION:
10 C RECORD S --. HEIGHT OF TAILTREE
'0 C RECORD 6 - EXPECTED CABLEWAY EMPLACEMENT
1 C COST.
2 C

L3 C GIVEN A CABLEWAY, J, THE RECORD IN LUN 8 ON WHICH
C THE SYSTEM NUMBER IS STORED (I.E. RECORD 1 FOR

5 C THAT CA8LEWAY) IS EDUAL TO (J6)-6.
6 C

L7 C LUN 4 CORRESPONDS INITIALLY TO THE LIST CAPITAL U-
8 C WHICH IS USED IN THE DESCRIPTION OF THE CASCADE ALGORITHM.

ca C
51 C LUN 10 (RAF) -- A LIST OF CABLEWAYS WHICH HAVE
52 C BEEN (T!PORARILY) EMPLACED. RECOO J COORESDONOS TO
53 C CABLEWAY (Jt). IF ITS VALUE = 1, THEN THE CABLEWAY
5' C HAS BEEN EMPLACED: IF 0, THEN IT HAS NOT.
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RAGE 2 050 FORTPAN PROGRAM CASCADE

55 C
% C
7 C

SB C
59 C
SO C
1 C
2 C

53 C
c4

S C
6 C
57 C
cS c
59 C
'0 C
.1 C

C
'3 C

C
'5 C
'6 C
77 C
, C
'9 C
'0 C
'1 C
q2 C
q3 C
'x.

'5 C
56 C

7 C
65 C
59 C
°O C
P1 C
92 C
93 C
9 C
q c

C
C

9! C
99 C

C
1,1 C
i2 C
1!'3 C
lt C

t5 C
106 C
107 C
105 C

LOW 11 (RAF) -- THIS FILE CONTAINS R!COD NUMBERS
WHICH ARE USED TO ENTER ION 12. ECORO I IN ION 11
CORRESPONDS TO CA8LEWAY (1.1). THE CONTENT OF RECORD
I IS A NUMBER IM0ICT!NG THE FIRST RECORD IN LOW 12 ON
WHICH DATA PERTAINING TO CABLEWAY (1+1) HAS SEEN
STORED. THIS DATA (SEE LOW 12) RELATES TO PARCELS WHICH
COULD BE HARVESTED BY MEANS OF CABLEWAY (1+1). THE
TOTAL NUMBER OF FEASIBLE PARCELS FOR THAT CASLEWAY IS
EQUAL TO: (THE ENTRY ON RECORD (1+1) MINUS THE ENIRY
ON RECORD I)3, THE FINAL RECORD ON THIS FILE CONTAINS
AN INDEX NUMBER WHICH IS 1. GREATER THAN THE TOTAL
NUMBER OF RECORDS IN ION 12. EACH RECORD IS TWO BCD WORDS
IN LENGTH.

LUN 12 (RAF) -- THIS FILE CONSISTS OF RECORDS
WHICH ARE GROUPED IN THREES AND REFERENCED BY ION
11. THE FIRST RECORD OF EACH GROUP IS A DARDEL
MU3ZP THE SECOND IS THE EXPECTED VALUE OF THAT
ARC!L IF IT IS HARVESTED VIA THE CABLEWAY IN LUN 11

WHICH REFERENCES 1T AND THE VALUE OF THE
THIRD ENTRY = 1 IF THE ASSIGNMENT IS MADE, A4D
0 OTHERWISE.

TOGETHER, LOWS Ii AND 12 ARE EQUIVALENT TO LISTS
-PHT.°RIME(JKL)- AND -PHI(JKL)- WHICH ARE USED
IN THE DESCRIPTION OF THE CASCADE ALGORITHM.

LOW 13 (RAF) -- THIS FILE CONTAINS PAIRS OF RECORDS,
THE CONTENTS OF WHICH ARE USED (A) TO ENTER LUN jI., AND
(9) TO FIND THE LUN 13 RECORD CORPESPONDING TO THE NEXT
HiGHER NUMBERED DARCEL SCHEDULED FOR HARVEST. RECORDS
I AND (141) IN LOW 13, WHERE I IS AN EVEN-NUMBERED
INTEGER, CORRESPOND TO PARCEL tI#2)F2. IN PROBLEMS
INVOLVING NON-RECTANGULAR PLANNING APEAS, SOME (OP MANY)
RECORDS IN TMIS FILE WILL NORMALLY BE EMP'Y, BECAUSE
THOSE PARCELS ARE NOT CONSIOFRED IN THE HARVES PLANNING.
EVEN-NUMBERED EMPTY RECORDS ARE INITIALIZED 10 -1, AND
000-NUMBEREDEP4PTY RECORDS AR! INI'IALIZEO TD C. RECORD I
(I AN EVEN INTEGER) CONTAINS THE NUMBER OF TE FIRST RECORD
IN LUN U. ON WHICH DATA PERTAINING TO PARCEL (142)/2 HAS
BEEN STORED. THIS DATA (SEE ION i) RELATES TO CABLEWAYS
WHICH COULD BE USED TO HARVEST THAT PARC, RECORD
¶141) CONTAINS THE NUM!R OF THE NEXT NON_!MDTY OECORC
4IR IN LOW 13. THUS, THE ODD-NUMBERED RECORDS ARE USED
TO DEFINE A DATHWAY THROUGH LUN 13 WHICH AVOIDS HAVING TO
EAU ANY OF THE EMP'Y RECODOS. THE TOTAL NUMBER OF FEASIBLE
CA9L!w$YS FOR THE PARCEL CORESPONDTNG TO RECORDS I AND (1+1)
IS ED0AL TO: (THE ENTRY ON THE ION 13 RECORD REFERENCED BY
RECORD (141), MINUS THE ENTRY ON RECORD 1)13. EVEN-
NUMBERED RECflROS ARE TWO BCO WORDS IN LENGTH: COO-
NUMBERED RECORDS AR! ON! BCD WORD.
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1q C
1.10 C LUM II. (RAE) -- THIS FILE IS A ONE-TO-ONE ANALOG FOR
111 C LUN 12. BUT THE FIRST RECORD OF EACH GROUD IS A CALEWAY
112 C NUMBER RATHER THAN A PARCEL NUMBER.
113 C
114 C TOG!'HER, LUNS 13 AND 14 A5 SSENTIALLY CROSS-
115 C R!ERENCES FOR LUNS 11 AO 12 THEY ARE USED TO
116 C SIGNIFICANTLY SPEED UP THE EXECUTION OF THE
1t C CASCADE ALGORITHM.
1IB C
ltgC
120 C IN ADDITION TO THE ABOVE, LUNS 9 AND 15 ARE REQUIRED
121 C AS SEQUENTIAL ACCESS SCRATCH FILES. ALSO, L3N 6 IS
122 C USED FOR RECORDING RUN SUMMARY INFORMATION.
123C
124 C
125 C
126 C
127 C READ INFORMATION FROM LUN 7.
12 C
1.20 RrAD (7,90) NCOLS.NSYSTMS,(CMOVE(I),I=j,5),NLNDGS,
1.30 1 (CLANO(I),I=1,i0),NCA8LS
131 90 FORMAT (I7T7,EF7.CI7,10F7.0/T7)
132 IGMAJKL=IGMAPJgL=IGMAKL=IGMAKL=IGMAL=IGMApL=0
1T3C
114 C INITIALIZATION STEP. FIRST, ASSIGN ANY PARCELS
135 C FOR WHICH ONE AND ONLY OHE CABLEWAY IS FEASI3LE.

C
117 CALL ITIME (INIT)

IDAPL1=1
139 180 CALL SEEK (13,(IPARCLt3)-3)
11.0 READ (13,105) NRCU1
1'.I 110 FORMAT (It.)
1t.2 105 FORMAT (Ii)
11.3 CALL SEEK (13,(IAPCL14!)-i)
1.1.I. READ (13,110) NXTQCD
11.5 IF (NRCD1 .GE. 0) GO TO 128
11.6 C
11.7 C THE RECORDS JUST READ WERE EMPTY GET A1OTHER DAIR.
1t.R C
11.9 IOARCLI=IDARCLI+1
150 GO TO 1.00
1.51 C
12 C THE RECORDS JUST READ WERE MCI !MPIY IDARCL1*
tcl C IS THE LOWEST MUMBE°ED PARCEL SCHEDULED FOR lARVEST.tL. C

155 120 CALL SEEK (13,NXTRCD)
166 IPARCL2=(NXTRCO+3)3
17 RAO (13,105) MRCOZ
158 CALL SEEK (13,MXTRCDf2)
159 READ (13,110) NXTRCO
160 IF ((NDCD2NRCO1) .LE. 3) GO TO 130
161. IF ('XTRCD .EO. 0) GO TO 170
162 MPCDI=MRCO2
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163 IPARCLIIPARCL2
164 GO 10 120
iSS 130 IF (NRCO2 .GT. NRCD1) GO TO 150
166 C
167 C NO CABLEWAY IS LISTED FOR -tPARC11-. T4EREFORE,
168 C IT CANNOT BE HARVESTED AND THE PROBLEM IS INEASIBLE.
169 C
1"O WRITE (6,140) IPAPCLI
171 140 F0MAT (O'ERROR DARCEL ,I4, CANNOT BE
1'2 1 tHARVESTED./I)

CALL EXIT
1'4 C
I'S C EXACTLY ONE CABLEWAY IS INDICATED FOR -IPARCLI-.
176 C ASSIGN THAI CABLEWAY.
177 C
178 150 CALL SEEK (14,NRCOI)

BUFFER IN (14,0) (ICABt,ICAL)
130 DECOflE (4,110,ICABL) ICABLj8j CALL ASSIGNIUCABt.,WRCOI,NRCD2,14,IERR,t)

CALL SEEK (t1.(ICABL2)-2)
163 READ (11,105) NPCD3
14 CALL SEEK (11,ICA8L2)
165 READ (11,105) NRCD4
196 CALL ASSIGNI(IPARCLI,NRCO3,NRCO4,12,IERR,j)
137 CALL ASSIGN2(ICABL,1)
198 IPARCLI=IDARCL2
169 IF (NXTRC!) .EO. 0) GO 10 170
190 HPCD1NRCD2

GO 10 120
1c2 C
1g3 C COMSTRUCT -LA'BDA- FROM TM! LIST OF ASSIGNED CABLE-
194 C WAYS. THE ARDAY -LAMBDA- IS EQUIVALENT TO THE LISTS
igs c -LAMDA- AND -P1(L)- WHICH A9E REFERENCED IN THE
i6 C DESCRIPTION OF THE CASCADE ALGflRITHM.
197 C
198 iTt! O 175 1=1,10
199 I'S LAMBDA(I)=0
2 CC ICABLI
21 180 CALL SEEK (10,ICABL-1)

READ (10,110) IASGP"
203 IF (EOF(10)) GO 10 220

IF (IACN .EQ. 1) GO 10 190
ICABL=ICABL+i

206 GO 10 180
2r7 190 CALL SEEK (S,(ICABL6)-6)
2'6 'EA' (6,110) ISYSTM
2fl9 CALL SEEK (8.(ICABL*6)5)
210 READ (8,110) LANOG
211 IF (LANBOA(LANDG) .ME. 0 .4N0. LAMBOACLANOG) .ME.
212 I ISYSTM) GO TO 200
213 LAMBDA(LANDG) =1 SYSIM
214 I CA 31=1 CA SL 1

216 GO T 180
26 r
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21' C IF LAMBDALANOG) HAS ALREADY BEEN ASSIGNED
21 C TO SOME SYSTEM OTHER THAN ISYSIM, THEN THE PROBLEM
219 C IS I'FEASIBLE.
220 C

521 200 WRITE (6,210) ISYSTM,LAMBDA(LANUG),LANDG
222 210 FORMAT (0 ERROD AT LEAST ONE PARCEL *,
223 1. tCANNOT BE HARVESTED UNLESS SYSTEMS ,12,t AND ,I2/
221+ 2 j5X,ARE BOTH INSTALLED AT LANDING *,I2F)

CALL EYIT
225 C
2'7 C EXECUTE THE IMPROVEMENT CHECK.
22 C
29 220 CALL IMPROVE
210 C
231 C COMQLETE THE INITIALIZATION BY ADDING FACILITIES
232 C AS NECESSARY TO OBTAIN AN INITIAL FEASIBLE SOLUTION.
233 C
214 JKLADO=0
235 XMXVAL-.6E3fl0
236 ICA3L1
217 230 CALL SEEK (t0,ICABL-1)
21 FAO (1.i10) IASGN
239 IF (EOF(10)) GO 70 250
21+0 IF tIAEGN .EO. 0) GO TO 21+0
21+1 ICABL=ICABL+i
21+2 00 TO 230
21+3 C
21+4 C EVALUATE THE POSSI!ILITY OF ADDING ICABL.
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21+6

21+7
24
21+9

250 C
21 C

252 C
253 C
254 C

255
256
27

259 C
250 C
251 C
22 C
253 C
261+
25 C
'56 C
27 C
25

20

21+1!

250

CALL AODJKL(ICABL,IAUU,VALUE)
ICA8LICABL#1
IF (TAO') .EQ. 0) GO TO 230
IF (VALUE .I.E. XMXVAL) GO TO 230

SAVE THE INDEX AND VALUE OF THE BEST FACILITY TO
ADO. ALSO, COPY THE LIST OF PARCELS TO ASSIGN TO THE
BEST FACILITY FROM LUN 9 ONTO LUN 15.

XMXVAL=VALUE
JKLAD'DICABL-1
CALL COPY
GO TO 230

IF MD FACILITY WAS FOUND TO ADO, ALL PARCELS MUST
HAVE E5N °REVIOUSLY ASSIGNED TO FACTtITIS AND WE HAVE
N INITIAL FEASIBLE SOLUTION.

IF (JKLAUO sEQ. 0) GO TO 270

A FACILITY WAS FOUND TO ACOt DO SO.

CALL SEEK (1t,tJKLADO'2)-2)
READ (11,105) NRCOI
CALL SEEK (i1,JKLADO2)
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273 C
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READ (11,105) NRCO2
CALL ASSIGN2(JKLAOO,1)

C UPDATE LAMBOA-.
2'S C
276 CALL SEEK (8,(JKLAOD6)-6)
277 READ (5,110) ISYSTM
2'S CALL SEEK (8,(JKLADD6)-5)
2'9 READ (5,110) LANOG

LAM9OA(L.ANDGI=ISYSTM
21 C
252 C ASSIGN THE PARCELS ON LUN 15 TO -JKLAOU-.
2D3 C
251. REWIND 15
2S 250 READ (15,110) IPARCL
256 IF (!DF(15)) GO TO 220
2V CALL SEEK (13,(IDARCL33)3)
235 READ (13,105) NRCD3
2'9 CALL SEEK (13,CIPARL3)-1)

READ (13,110) NXTRCD
2Q1 CALL SEEK (13,NXTRCID)
2'2
293

READ (13,1053 NRCOL,
CALL ASSIGNI(IPARCL,NRCOI,NRCD2,12,IERR,j)

25
CALL ASSIGN1(JKLAOO,NRCO3,NRCOI,,11.,I!RR,j,
GO 10 260

C
297 C INIIIALIZATION IS COMPLETE. COMMENCE HE IMPROVE-
23 C MENT ALGORITHM BY FIRST EXECUTING STEP 2.
29P C

3CC 2' CALL ITIME(ISTFP2)
301

WRIT! (6,230) TIME
103 250 FORMAT (OELAPSED IMITIAI!ON TIME =,F9.3,i SECONOS.F)
3 CALL REPORT
35 IPASS3O
335 300 CALL ITTME(151E02)
3frr c

308 C DECIDE ON THE ORDER IN WHICH LANDINGS SOULO BE
3D C EVALUATED FOR ORUP°ING.
310 C
311
312 LROP0
313 C
31'. C -01- IS THE ORDER CRITERION IN EQUATION (S.9J.
315 "

D 1('O L1,NLUflGS
317 OL(L=.5E300
315 C
319
320

C

C
SE! IF THIS LANDING WAS THE LAST ONE AODED IF So,

DO NOT DROP IT. -IGMAPI- CORRESPONDS TO THE LIST -GAMMA.
121 C DRIM!(L) WHICH IS USED IN THE DESCRIPTION O THE
322 C ALGORITHM.
3.3 C
3L. IF (IGMAPL .ED. L) GO TO 3'.0



PAGr ' OSU FORTDAN ROGRAM CASCADE

3'S C
3?6 C IF LAMBDA(L) IS EQUAL TO ZERO, THEN THE LANDING -L-
37 C HAS NOT REEN ASSIGNED 00 NOT DROP IT.
325 C
329 IF (LAM3OA(L) .EQ. 0) GO TO 31.0
330 C
331 C SliM OVER -1- FOR EQUATION (5.93.
32 C
333 OL(L)=-CLAND(L)
33'. C
335 C SUM OVER -K- FOR EQUATION (5.93.
336 C
31' KLAw9DAtLI
315 OL(L)0L(L)-CMOVE(K)
319 00 320 J=1,NCARLS
3'.O CALL SE!K(5,(J6)-6)
3'.j READ (8,110) ISYSTM
31.2 CALL SEEK (5,(J*6)_51
31.3 READ (8,110) LANOG
31.1. CALL SEEK (8,(J6)-1)
31.5 READ (8,310) EMPLACE
31.6 310 FORMAT (F1..0)
3'7C

377C
38 IELTAO.

248

31.8 C ACCUMULATE THE SUM OVER -J- FOR EQUATIO'4 (5.91.
3L' C
3c0 IF (LANOG .NE. L .OR. ISYSTM .NE. K) GO TO 320
351 CALL SEEKC1O,J-1)
352 READ (10,110) IASGN
353 I (TASON .EO. 0) GO 10 320
154 OLtL)OL(L)'DSUMI (J)EML ACE
355 320 CONTINUE
156 31.0 CONTINUE
357 C
15
359

C
C

THE 1000 ON 350 CHECKS ALL OF THE LANOINGS FOR DROPING,
IN OPOER OF LEAST -OL-.

350 C
3Ei 350 XMIW=.SEIQO
152 REWIND 9

IL0
351 O 360 L=1,NLNDGS
155 IF (01(L) .GE. XMIN) GO 10 360

X?IIN=OL (1 )
367 !LL
345 360 C'NTIMUE
39 IF (IL .ED. 3) GO TO 1.40
30 C
3'1 C EVALUATE LANOING -IL- FOR OROPPING.
32 C
373 KLAMRDA(!L)
3''. C
375 C THE EVALUATION PQOCEEDS Y TESTflG EVERY CABLEWAY
3'S C WHICH IS PRESENTLY ASSIGNED TO LANDING -IL-.
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IF IOPOP .EQ. 1) GO 10 365

1. CALL UPLAMBDA
39c OL(IL).65300
37 GO 10 350

1 LOROPI.
ICQ 370 CONTINUE

IF (LOROP .50. 0) GO TO 361.

CALL SEEK (8,(J")-)
4Th READ (,110) ISYSTM
426 CALL SEEK (8,(J6)-c)
1.27 READ (8,110) LANOG
1.28 CALL SEEK (8,(J'6)-t)

READ (9,310) EMPLACE
1.30 IF (LANDS .ME. IL .OR. ISYSTM .P45. K) GO TO 1.00
1.31 CALL SEEK (13,J-1)
1.12 READ (10,110) IASGN

249

LO REWIND 9
4i0 'TBC READ (9,3901 T,JOI.D,JNEW
1.11 300 F"RM4T (311.)
1.12 IF CEOF(9)) GO TO 395

CALL EVALI(I,JOLO,JNEW,SAVING)
1.11. OELTA=DELTA+SAVING
1.15 GO TI) 380
41 C
1.17 C IMALLY, COMPLETE EQUATION (5.7) 9Y ADDING THE
1.18 C FIXED COSTS SAVED B' CLOSING LANDING -IL-, Y4Pt'ING
1.19 C SYSTEM -K-, AND ALL OF THE CASLEWAYS PRESENTLY
1.20 C ASSIGNED TO LANDING -IL-.
1.21 C
1.22 35 WLTA0ELTA#CMOVE(K)#CLANO(IL)
421 00 1.00 J1,MC.ABLS

1.01 C

THERE IS NOW A LIST, ON LUN 9, WHICH INDICATES
C THE BEST CABLEWAY (NOT AT LANDING -IL-) TO WH1H EACH

404 C DAEL ASSIGNED TO LANDING -IL- COULD 85 QEASSIGNED.
C FIND OUT WHAT INCREASE IN VALUE WOULD RESSJLT IF THESE
C REASSIGNMENTS WERE MADE AND THEN 'THE IMPROVEIENT CHECK

4fl7 C WERE EXECUTED.
1.08 C

AE

3O

3'2
33

385
3'c
387
35
189
30
391
12

C

C

C

OSU COR'RAN PROGRAM CASCADE

DO 376 J1,NCABLS
CALL SEEK (8,(J6)-f)
READ (8,110) ISYSTH
CALL SEEK (8,(J'6)-5$
READ (8,110) LANOG
IF (LANOG NE. IL .OR. ISYSTM NE. K GO 'TO 370
CALL SEEK (10,J-1)
sAo (10,110) IASGN
IF (IASGN .50. 6) GO TO 370
CALL EVALII(J,0,IL,IOPOP,1,SUM)
DELTADELTA+SUM

IF TOROP=0, THEN CABLEWAY -J- CANNOT !! DROPPED
AND 'THE LANDING MUS1 REMAIN AS!IGH5D.
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433 IF (IA!N .EO. 0) 60 TO 400
434 DELTA=DELTA+EMPLACE
le5 400 CONTINUE
416 C
437 C IF OELTAO, EXECUTE THE REASSIGNMENTS INDICATED
45 C ON LUN 9 AND THEN UOOATE LAMBDA. OTHERWISE, GO
4'9 C ON It) THE EVALUATION OF THE NEXT LANDING.
440 C

IF OELTA .61. 0.) GO TO 410
442 CALL UPLAMBOA
443 t)L(IL).&E300
444 GO TO 350
445 'IC REWIND 9
446 420 READ (9,9O) I,JOLD,JNEW
'.47 IF (EOF9)) GO TO 430

CALL ASSIGN3U,JOLD,JNEW)
449 GO TO 420
450 430 CALL UDLAMBO*
45j ALL IMPROVE
452 IGMAL!L
45! OLIL)=.6E30O
454 GD TO 350
45 C
456 C CONTINUING WITH STEP 2, EVALUATE THE DR3°ING
457 C OF Y4ROING SYSTEMS. FIRST, DECIDE ON THE ORDER IN
455 C WHICH YARDING SYSTEMS SHOULD BE EVALUATED.
459 C
460 440 CALL ITIMS(ISI!P2L)
461 TIMEtISTED2L_ISTEP)/1flC0.
462 WRITE (6,450) TIME
43 45'! FORMAT (fDELA°SEO TIME, LANDING ORTION OF STEP 2,
'.54 j F9., SECONOS.2f)
465 CALL REPORT
466 CALL IIIME(ISTEP2L)
457 IGMAKL=0

KLOROP=O
469 C
'0 C HERE, THE ORDER CRITERION IN EOJATION rs.si.
471 C RECALL THAT THERE IS EXACTLY ONE YARDING SYSTEM AT EACH
472 C ASSIGNED LANDING. IN THIS SECTION, WE USE TIE FACT THAT
473 C T"!RE ARE AT MOST 10 LANOINGS TO PERMIT THE JSE OF AM
+74 C INDEX, '(L-, TO IDENTIFY THE YARDING SYSTEM EMLACED AT
'.! C ANY LANDING. KL(10L)+, WHERE
46 C
477 46 L1,NLNOGS

DL CL) . 653 CD
IF CLAP4BDA(L) .EQ. 0) GO TO 465

4'O C
451 C SEE IF -'L WAS THE LAST YARDING SYSTEM 00050 IF SO,
£+? C DO NOT DROP IT. IGMAPKL COOPESPONDS TO THE LIST GAMMA.
43 ç IM!(KL)- WHICH IS USED IN THE DESCRIPTION OF THE ALGORITHM.
4". C

KLAM9OA(L)

250
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4q7 IF (IGMAPKL .EQ. KL) GO TO 465
4 C

49 C SUM OVER -K- FOR EQUATION t5.3.
490C

OL(L)=CMOVE(K)
)O 460 J1,NCALS

S'S IF (LANOG .ME. IL .OR. ISSTM .ME. K) GO 10 490
CALL SEEK (1O,Jt)

540 RE2D (10,11.0) IASGN

251

E9

CALL SEEK (8,(J6)c)
READ (8,110) ISYSTM
CALL SEEK tS,(J6)-5)
READ (8,110) LANOG
CALL SEEK (!,(J*6)1)
READ (8,310) EMPLACE

49 C
5C0 C SUM OVER J FOR EQUATION (5.8).
501 C
502 IF (LANOG .'lE. L .OP. ISYSTM .NE. K) GO 10 460
5fl3 CALL SEEK (10,J-1)
504 READ (10,110) IASGN
505 IF (145GW .E. C) GO 10 460
506 OL(L)=OL(L) 0SUMI(J)EMPLaCE
507 460 CONTINUE
50 465 CONTINUE
509 C
510 C THE LOOP ON 470 CMECKS ALL OF TE PRE!EMTLY
511 C ASIGMED YARDING SYSTE?(S FOP DROPPING, IN ORDER
512 C DF LEAST OL-.
513 470 XMIN=.E3D0
51' 9
SIc 1L0
516 00 450 L1,NLNDGS
517 IF V'L(L) .G!. XMIN) GO TO 430
51 XMIN=OL(L)
519 ILL
520 4Q CONTINUE
521. IF (IL sEQ. 0) GO 1D 560
522 C

?3 C EVALUATE THE YARDING SYSTEM AT LANDING IL-
5'4 C DROPPING.
5?5C
S'S KLAMSOAfIL)
5?? C
525 C TFST EACH CA9LEWAY CURRENTLY ASSIGNED 13 YARDING
5'9 C SYSTEM K- AT LANDING IL.
530 C

0 EL I A =0

5.2
533 00 490 J=1,NCA9LS
534 CALL SEEK (3,(J6)-6I
515 READ (3,110) I!YSTM
S'S CALL SEEK (5,(J&)-5)

READ (8,110) LANOG
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5(4 IF (TASGN .Eo. 0 GO TO 90
52 CALL EVALIT(J,K,0,IUROP,KADO,5W4)

OELTADELTA,SUM
5ti, IF (IOP.OP .EO. 1) GO TO (.5
5L5 i+8 CALL UPLAM8DA
5t6 OL(IL)=.6E300
5L7 GO TO 7fl

5 '.5 KLDOl
5iO ('00 CONTINUE
550 IF (<LDOP .EQ. 0) GO 0 IeOk

IF (LAM9OAUL) .EQ. K) LAM9O4IIj=O
552C

252

553 C THERE IS MOW A LIST, ON LUN 9, WHICH INDICATES
551& C THE 3E!T CALEWAY tHOT AT LANDING -IL-) TO WHICH EACH

55c C ACL ASSIGNED TO LANDING -IL- COULD BE REASSIGNED.
5c6 C FIND OUT WHAT INCREASE IN VALUE WOULD RESULT IF THESE
557 C REASSIGNMENTS W!E MADE AND THEN THE IMPROVEEMT
5 C CHECK WERE EXECUTED.
559 C
550 REWIND 9
561 coo R5AO (9,390) I,JOLD,JNEW
62 IF (ECF(9)) GO TO 510

563 CALL EVALI(I,JOLD,JNEW,SAVING)
5' DELTA=OELTA.SAV!NG
565 GO 10 500
566 C
567 C COMDLETE EQUATION (5.5].
56 C
569 SiC DELTA=OELTA+CMOVE(K)
570 IF (LAM9DA(IL) .EQ. 0) OELTA=DELTA+CLANO(IL)
51 00 520 J1.NCABLS
52 CALL SEEK (B,(JS)-6)
73 EAO (8,1101 ISYSTM

57k CALL SEEK (8,(J'6)-S)
575 READ (8,110) LANDG
575 CALL SEEK (8,(J46)-1)
577 READ (8,310) EMPLACE
578 IF (LAMOG .NE. IL .OR. ISVSTM .ME. K) GO TO 520
5'9 CALL SEEK (i0,J-t)
550 READ (10,110) 185GM

IF (185GM .EQ. 0) GO TO 520
5'2 OELTA=O!LTA+!MDLACF
53 520 CONTINUE

IF (PELTA .GT. 0) GO TO 53055 CALL UPLAMBOA
59, 0L(IL)=.650D

GO TO L470
538 530 RrWINO 9
5'9 5(+0 RAO (9,390) I,JOLD,JNW
590 IF (FOFCO)) GO TO 550
591 CALL ASSIGN3(I,JOLD,JNEW)

GO TO SkO
593 550 CALL UPLAM9DA
59k CALL IMPROVE
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595 IGMAKL=KL
OL(IL).6E30057 GOTO 470

cga C
coq C TO COMPLETE STEP 2, VALUATE THE DROPPING OF
sm c INDIVIDUAL CABLEWAYS. FIRST, DECIDE THE ROER IN
601 C WHICH CABLEWAYS SHOULD BE EVALUATFO.
5I2 C
603 560 CALL ITIME(I2KL)

TIME=(I2KLISTEP2L)Fj000.
605 WRITE (6,570) TIME
606 570 FORMAT (tOELAPSED TIME, YARDING SYSTEM PORTI3N OF
607 1 iSTEP 2=,F9.3,* SECONDS.t)
SOB CALL REPORT
609 CALL ITIME(I2KL)
610 REWIND 15
611 IGMAJKL=0
612 IWPITE=a
613 C
614 C IS THE ORDER CRITERION IN ECUATION (.t.3, AND
615 C JKL IS THE CABLEWAY TO WHICH IT CORRESPONDS.
615 C
617 575 O=.5E300
MS REWIMD B
519 00 610 J=l,MCASLS

CALL SEEK (1O,Ji)
621 RAD (10,110) IASGN
62? IF (TASGN .ED. 0) GO TO 610

CALL SEEK (B,(J6)-tJ
READ (5,310) EMPLACE

625 UTEM=OSUMI(J)EMPLACE
626 IF (OTEMP .GE. 0) GO TO 610
6' IF (IW't .EO. 0) GO TO 600
5?8 C
6'B C THE LIST ON LUN 15 CONSISTS OF CASLEWAYS WHICH
630 C HAVE SEEN CONSIDERED IN THIS PASS BUT CANNOT BE DROPPED.
631 C

REWIND 15
511 590 READ (15,110) JJ

IF (!OF(1S)) GO TO 600
65 IF (JJ .E0, J) GO 10 510
616 GO 10 590
67 600 OOTEMP
618 JKLJ
519 510 CMTTHUE

IF (C .GT. .5E330) GO '0 570
5'1 C
51+2 C A CABLEWAY HAS BEEN SELECTED FO° WHICH -0 IS

C MINIMIZED AND WHICH HAS NOT SEEN rONIDER!T' FOR
51+1+ C DROPPING IN THIS PASS. EVALUATE I' FOR OOPP4G,
5(.5 C UNLESS IT WAS THE LAST CABLEWAY PREVIOUSLY ADDED.
61+6 C
5I&7 IF (JKL .EO. IGPIADJKL) GO TO 615

CALL EVALII(JKL,0,0,IDPOP,1,OELTA)

253
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IF CIOPOP .E0. 1) GO 10 620
sco C
651 C -JKL- CANNOT 5 000PPEO.
6c2 C
653 615 I (IWRITE .EO. 1) CALL SEFFtIS)
55'. IF (IWPITE .E:Q. 1 CALL S!FB(15)
655 IWRZTE=156 CALL UPLAMSDA
557 WRITE (15,110) JKL
658 GO 1 575
659 C
660 C -JKL- CAN BE DROPP!O COMPLETE EQUATION t.33 BY
661. C AOOING -I(JKL)- AND -F(JKL)-.
5c,2 C
663 620 EWINO q
651. 530 REAO 9,3O) I,JOLD,JNEW
665 IF (EOF(9)) GD TO 51.0
656 CALL EVALI(I,JKL,JN!W,SAVIMG)
667 OELTA=DELTA.SAVING
68 GO TO 630
669 61.0 CALL SEEK (8,(JXL5)-j)
570 READ (8,310) EMPLACr
571 DELIA=DELTA+EMPLACE
672 IF ('DELTA .LE. 0.) GO TO 615
673 C
671+ C IT is WORTHWHILE ORoPING JKL.: oo so.
675 C
676 EWTNO 9
677 550 RAO çg,3qfl) I,JQLO,JNEW
678 IF (FOF(9)) GO TO 550
579 CALL ASSIGN3(I,JKL3JMw)
6*0 GO TO 650
581 660 CALL IMPROVE

IGMAJKL=JKL
GO TO 615

654 C
655 C STE° 2 IS COMDLETE EXECUTE STEP 3 OR EXIT.
66 C
687 570 CALL ITIME(ISTEP3,
685 TTME=(ISTEPI-TSKL),1000.
689 WRITE (6,680) TIME

680 FORMAT (UELAPSE') TIME, CARLEWAY PORTION OF STEP 2,
691 1 F9.3,* SECONOS.f/)

CALL DOPT
CALL 1TIME(ISTEP3)
I (I°ASS3 .E0. 0) GO TO sqo

55C
C EXIT IF STED 3 HAS BEEN EXECUTED AT LEAST ONCE ANO NO

597 C FACILITIES WERE DROPPED OR AOOEO DURING THE lOST RECENT
C PASS THROUGH STEPS 2 AND

599 C
'00 IF (IGMAL .E0. 0 .ANO. TGMAKL .EQ. 0 .AND.7i 1 IGMAJKL !Q. 0 .AND. IGMAPI .EC. 0 .AN).

2 TGMAPKL .EQ. 0 .ANO. IGMAPJKL .EQ. 0) CALL EXIT

254
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7C3 590 IPSS31
7". TGMAPL=IGMAPKL=!GMAPJKLO
705 C
706 FOR EACH UNASSIGNED CARLEWAY, COMPUTE T4E -ADD
707 C CRITERION-. DO NOT, HOWEVER, CDMSIOcR AOflIN A CABLEWAY
708 C T TI WOULD REDUIRE A SECOND YAROING SYSTEM A' SOME LANDING
70 C OR IF IT WAS THE CABLEWAY WOST RECENTLY OPOP'ED.
'lO C
711 00 71.0 J1,NCABLS
712 IF (J .EQ. IGMAJKLI GO TO 740
71.3 CALL SEEK (1O,J-1)
714 READ (10,1.10) IASGN
'15 I (145GM .ED. 1) GO TO 7.0
716 CALL SEEK (8,(J6)-)
717 R&D (8,110) ISYSTM
71.8 CALL SEEK (8,(J5)-5)
719 READ (8,110) LANOG
'20 IF (LAMRDA(LANOG) .ME. 0 ..AMO. LAMBOA(LANDG) .ME.
721 1 ISYSTM) GO TO 71.0
'22 CALL AOOEVAL(J,S(JM)
723

7'4 C ADO -I(JKL)- TO EDUATION (5.101.
7'S C
7F' REWI'40 9
7'7 695 RE)0 (9,7j) I,JOLD
728 IF (EOF(9)) GO TO 696
729 CALL EVALI(I,JOLO,J,SAVIWG)

SUM=50M+SAVING
711 GO TO 695
732 696 CALL SEEK (5,(J6)-j)
'13 READ (8,310) EMPLACE
734 SUM=SUM-EMPLACE

IF (LAM3OA(LANOG) .!Q. 0) SUMSUM-CLANDLLANO)-
36 I OMOVE(ISYSTM)
77 IF (SUM .t.E. 0) GO TO 740
778 C
779 C ADO CABLEWAY -J-. NOTE THAT ION 9 CONTAINS A
71.0 C LIST OF PARCELS TO RE ASSIGNED TO -3-.
71.1 r

71.2 REWIND 9
71.3 IGMAPJKL:J

IF (LAMBOA(LANOG) .ME. 0) GO TO 7fl0
71.5 ICMAPKLIS'fSTM
71.6 IGMADL=LAN!3G
71.7 700 CALL ASSIGN2(J,1)

CALL SEEK t11,(J2)-2)
71.9 READ (11,105) MRCDI

CALL SEEK (11,J2)
READ (11,105) NPCD2

752 710 READ (9,715) I,JOLD
753 715 ORM47 (214)
'54 IF (EOF(9)) GO 10 740
759 CALL ASSIGN1(I.NRC01,NRCD2,12,IER,1)
76 CALL SEEK (i1,(J0L042)-2)
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READ (11,105) NRCDIA
758 CALL SEEK (1l,JOLD'!)
759 READ (11,105) MRCO2A
7!0 CALL ASSIGNI(I,NRCDIA,NRCO2A,12,IERR,o)
761 CALL SEEK (13,(I3)-3)
752 EAO (13,105) P4RCD3
753 CALL SEEK (13,(I3)-1)
7'i. READ (13,110) NXTRCO
755 CALL SE!( (13,NXTRCQ)
756 READ (13,105) '4PCO.
757 CALL ASSIGNI(J,NRCD3,NPCflk,11.,IERR,j)
765 CALL ASSIGN1CJOLD,NRCO3,NRCO,1,IERR,0)
769 C
7'O C CHECK TO SEE IF ALL OF THE PARCELS PREVIOUSLY
771 C ASSIGNED 10 CABLEWAY JOLO HAVE BEEN REASSIGNED.
772 C IF SO, CLOSE IT.
773 C
77 I2INRCD2ANRC!)IA
775 9f 720 11=1,121
715 CALL SEEK (12,HRCOIA+IIj)
777 720 READ (12,110) IBUF(II)
78 IALL0
779 09 730 11=1,121,3

112=11+2
IF (IBUF(112) .EQ. 9) GO TO 73fl
IALL=1

73 30 CONTINUE
IF tIALL .E. 1) GO TO 73!

75! CALL ASSIGN2(J0!j,O)
7,ç IGMAJKLJULO
757 CALL SEEK (9,(JOLfl-6)

R!AD (8,110) ISYSIM
CALL SEK (5,(JOLO6I-5)

700 REAU (5,119) LANOG
CALL IMPQOVE

92 CALL UPLAMBOA
IF (LAMqO4(ANG) .ME. 0) GO TO 740

.04 Ir,MAKL=ISYSTM
705 IGMAL=LAMOG

GO rr 710
797 7 CALL IMPROVE
705 CALL ULA"ROA
799 GO TO 710
50 '40 CONTINUE
P01 C
82 C STE 3 IS COMPLETE. IF NO FACILITIE WERE ADDEC,
R3 C 5X1T. OTHERWISE, MAKE ANOTHER DASS.
50'. C

CALL ITIM!(IENO)
506
07 WRITE (6,750) TIME
5P 750 FO'4At (0ELAPSED TIME FOR STEP 3=,F9.3, S!CONOS./)
890 CALL REPORT
51.0 IF (IGMAL .E0. 0 .ANO. IGMAKL .EO. 0 .ANO.
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'11 1 !GMAJKL ., 0 .ANQ. IGNPL .EO. 0 .AN.
12 ' IGMAPKt. .EQ. U AND. IGMADJKL .EO. 0) CALL. EXIT

813 GO TO 300
END

/
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1 SUROUTINE IMPROVE
2 COMMON
3 COMMON LAMBDAt1C)

S C THIS SUBROUTINE EXECUTES AN IMPROVEMENT CHECK
C DESIGNED TO IMPROVE THE CURRENT ASSIGNMENT O 'ARCELS

7 C TO CABLEWAYS,IF POSSIBLE. IT DOES NOT ADO ABLEWAYS
8 C RAIHER, IT SEEKS TO ADD AS MANY PARCELS AS P3!SIBLF TO
9 C EACH OF THE CURRENTLY ASSIGNED CABL.EWAYS. I ANY PARCEL
10 C CAN BE ASSIGNED TO hqoRE THAN ONE EMPLACED CA3LEWAY, IT
11 C IS ASSIGNED TO THE ONE WHICH MAXIMIZES ITS VALUE (FIXED
12 C COSTS ARE NOT CONSIDERED BECAUSE ALL FACILITIES EVALUATED
1.3 C ARE ALREADY IN PLACE). THIS PROCEDURE MAY RESULT IN
14 C SOME CA3LEWAYS BEING 000PDEO.
ISC
16 ICARL=0
17 100 CALL SEEK (10,ICA8L)
1.8 105 FORMAT (18)
19 READ (10,110) IASG?4
70 110 FOWAT (14)
21 IF (EOF(10)) RETURN
22 ICABLICABL#1
73 IF (IASGN .EQ. 0 GO TO 100
'4 CALL SEEK (11,(ICABL'2)-2)
75 READ (11,105) NRCO1
26 CALL SEEK (tt,ICAB12)
27 READ (11,105) NRCO2
'8 121:MRCD2-NRCDI

CALL SEEK (12,NP.CO1)
BUFFR IN (12,0) (IUW(1),IBUF(I21))

31 1=-?
32 140 1=143
33 I2I42

IF (I? G'. 121) GO TO 100
35 00 150 J1,12
36 150 DFOOE (4,1i0,I9UF(J)) IRUF(J)
3' C
38 C IF DARCEL -I9UtI)- IS ALREADY ASSIGNED TO CABLEWAY
19 C -ICAL-, GO GET TM! NEXT PARCEL.

C
41 IF (IBUFtI2) .EQ. 1) GO TO 140
'2 CALL SEEK (13,(IBUF(I)3)-3)
'3 READ (13,105) NRCD3

CALL SEEK (13,(IBUF(I))-1)
READ (13,110) NXTRCO
CALL SEEK (13,NXTRCO)

47 READ (13,1051 NRCD4
48 143=NRCO'.-NRCO3
49 C
50 C IF 143=3, THE DARCEL CAN ONLY BE HARVESTED OVER ONE
51 C CARLEWAY. THEREFORE, THAT ASSIGNMENT SHOULD ALREADY HAVE

C BEEN MAO!, AND WE LEAVE IT ALONE.
51 C
5' T (143 .EQ. 3) GO TO 140
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5 C
56 C GET THE LIST OE ALL DOSSISLE CA8LEWAYS (IBUFI-)
57 C OVER WhICH PARCE. IBUFtI)- CAN BE HARVESTED.

59 CALL SEEK (1#,NRCU3J
60 9UFF!R IN (11s,0) (ISUF1tI),IBUFI(1k3))
61 00 168 J1,It.3
62 160 DECODE (4,110,IBUFI(J)) I!UFI(J)
63 C
6 C ASSIGN PARCEL 18UF1 TO CABLEWAY ICABL IF:
SEC
66 C (A) THE PARCEL IS NOT CURRENTLY ASSIGNED TO ANY
67 C CA9LEWAY
c c
69 C (B) THE PARCEL WOULD HAVE A GREATER VALLE IN THE
'0 C NEW ASSIGNMENT THAN IN IT! PRESENT ASSIGNMENT.

C
r)r, 170 J1,I(,.3,3
J2J#2
IF (IBUFItJ2) .EQ. 1) GO TO 180

75 170 CONTINUE
'S C
77 C THE DARCEL IS NOT CURRENTLY ASSIGNED TO AMY
75 C CAPLFWAY. NOTE THAT IT IS NOT NECESSARY TO CALL
'5 C SURROUTINE -ASSIGN2 BECAUSE WE ALREADY KNOW THAT
30 C ICABL IS LISTED ON LUN 10 AS AN ASSIGNEO CABLEWAY.
t C

CALL ASSIGNj(ICAqL,NRCO3,NRCU,14,IERR,1)
tARCL=IRUFtI)
CALL ASSIGNI(IPARCL,NRCO1,NRCfl?,j2,IERR,1)
GO TO 11.8

C
7 C THE DARCEL IS CURRENTLY ASSIGNED TO CABLEWAY

C IBU1(J). SEE IF REASSIGNMENT TO -ICASL- WOULD
'9 C GIVE IT A HIGHER VALUE.
50 C
91 I0 J1J1
92 11111
93 IF (TRtJFI(J1) .GE. IBUF(I1)) GO TO t0
c

95 C RE-ASSIGN THE PARCEL O ICABL-.
cS c
57 ICABL1=IBUF1(J)

IPAL=tBt1F(I)
99 CALL ASSIGW1(ICA5L,NRCO3,NRCO,Ve,IERR,1)

tOO CALL AS5!GN1(IARCL,NRCO1,MRCD2,12,IERR,1)
101 CALL ASSIGN1(ICABL1,NPCU3,MRCDt,j,IERR,o)
102 CALL SEEK (11,(ICA8L12)-21
103 READ (11,105) NRCOE

CALL SEEK (11,ICABLI'2)
RAO (11,105) MPCD6

106 CALL A!SIGNI(IPARCL,NRCOE,MRCOS,12,IERR,0)
ICTC
105 C CHECK TO SEE IF ANY OTHER PARCELS ARE
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1'9 C ASSIGNED TO CARLEWAY ICA9LI, IF NOT, RCOD
tIC ITS CLDSUE ON LUN 10.
111 C
112 O) 190 JJ=NCD5,NRO6,3
113 IF ((JJ+2) .GE. WPCD1 GO TO 190
1i CALL SEEK (12,JJ+2)
115 UFFR IN (12,0) (TASGN,IASGN)
itS OCDOE 4,110,IASGN) IASGN
117 IF (145GM .EQ. 1) GO TO 140
1t 19C CMrINuE
119 CALL ASSIGN2(ICA91,e
12 C

121 C UPDATE LAH9OA TO INCORPORATE THE CLOSJRE OF ICABL.
122 C
123 CALL ULABDA
124 GO T 11+0
tzS END
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1 SUBROUTINE ADOJKL(ICA8L,IADO,VALu;
2 COMMON I3UF(1.50),IBU1(1.5OI,CMOVE(5),CLANO(10),NROWS,NCOLS
3 COMMON LAMBOA(10)
'C

CALL SEEK(13,(I5UF(I)3)-3)
Si READ (13,115) NRCDI
52 CALL SEEK (13,(19UF(I)3)-1)
5' RA0 (13, 100) P4XTRCD
51. CALL SEEK (13,NXTCD)
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'fe C
25 C THE YARDING SYSTEM IS EITHER ALREADY IN PLACE OR CAN
26 C SE ADDED.
27 C
8 110 1A001

29 REWIND 9
30 IF (LAMBDA(LANDG .E. 0) EMPLACEEMPLAC!+CMOVE(ISYSTM)+
11 1. CLANOCLANOG)
1? CALL SEEK (1I,(ICABL'2)-2)
33 READ (11,115) NRCDL
14 115 FORMAT (18)

CALL SEEK (t1,ICABL2)
36 READ (11,115) NRCO2
37 121=NRCD2NRCOI.
'8 CALL SEEK (12,NRCOI)
19 BUFFER IN (12,0) (19UF(1),IBUF(121))
1.0 !IO 1"O 1=1,121
1e1 OECOE (4,100,IBUF(I)) IBUF(I)
1.2 11.0 COPTTNU
133 C

'. C SUM 'HE VALUE OF ALL PARCELS WHICH COULD SE HARVESTED
135 C 5V TCABL- AND ARE NOT CURRENTLY ASSIGNED TO SOME OTHER
1.6 C CRLWAY.
137 C

VALU!0.
139 00 160 1=1,121,3

5 C
6 C

8 C
9 C

THIS SUROUTINE IS DESIGNED TO EVALUATE THE ADVANTAGE OF
ADDING FACILITY ICADt., GIVEN EXISTING ASSICNMENTS.

FIRST, FIND O1'T IF THE YARDING SYSTEM REPRESENTED 3Y
-ICARL- IS ALREADY IN PLACE, OR, IF IT IS NOT, WHETHER IT

10 C CAM BE ADDED WITHOUT DESTROYING FEASIBILITY.
ii C
12 CALL SEEK (8,(ICABL6)-6)
13 READ (8,100) ISYSTM
14 100 FORMAT (11.)
15 CALL SEEK (8,tICABL5)-5)
16 READ (8,100) LANOG
17 CALL SEEK (8,(ICABL6)-1)
18 READ (6,105) EMPLACE
19 105 FORMAT (F1..0)
20 IF (LAMBDA(LANOG) .EO. 0 .OR. LAMBDA(LANOG) .!O. ISYSTM)
'1 1 '0TO 110
22 1A000

RETURN
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RAO (13,115) NRCO14
56
57 CALL SEEK (114,NRCO7)

UFF!R IN (114,0) (IBUFI(1),ISUF1(1k3))
59 00 150 Ji,Il,3,3
60 J2J42
ci DECODE (1e,100,IBUFI(J21) IBUF1(J2)
62 IF tIBUFILJ2) .Et. 1) GO TO 160
63 150 CONTIMUE
514 C

65 C PARCEL -IBUFtI) IS NOT ASSIGNED TO ANY OTHER CABLEWAY.
66 C
67 IDI+1
.68 VALUE=VALUE+IBUF(I1)
6° WRITE (.1OO) IBUFtI)
'0 160 CONTINUE
'IC
'2 C IF, AT THE END OF THIS ROUTINE, VALUE IS STILL EQUAL
73 C TO ZERO, THEN EVEN THOUGH -ICABL COULD SE ADDED, NO
714 C PARCELS WOULD BE ASSIGNED TO IT BECAUSE THEY HAVE ALL BEEN
'5 C PREVIOUSLY ASSIGNED.
7% l

77 IF (VALUE GT. 0) GD TO 170
'S IADflC

BOC
'1 C RETURN THE SUM OF THE VALUES OF PARCELS WHICH COULD
52 C BE ASSIGNED TO ICABL, MINUS THE CASCADED FIXED
3 C COSTS.

qj C
55 170 VALUE=%/ALUEEMPLACE
56 RETURN

END
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DAGE I OSU FOTRAN SURROUTINE ASSIGN1

I SUBROUTINE ASSTGN1(I,NRCDI,NRCO2,LUN,IERR,IASGN)
2 COMON IBtIF(450),IBUF1(L+50),CMOVEt!) ,CLAND(jO),NROWS,NCOLS
7 COMMON LAM3DA(1O)
'C
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S
6

C
('

THIS SUBROUTINE REC000S OR ERASES ASSIG'IMENTS
OF PARCELS TO CARLEWAYS ON LUN 12 OR LUN 14.

9 I1=NRCD2-MRCDI
10 IF (Ii .GT. 450) GO TO 150
11 CALL SEEK(LUN,NRCOI)
12 BUFFER IN (LtJN,0) (IRUFI(1),IBUFI(It))
13 on tin J1,I1,3
14 DECODE (,i00,I8UF1(J)) I9UFI(J)
15 100 FoRMAt (14)
15 IF (IBUFI(J) .EQ. I) GO TO 120
17 110 CONTINUE

C
19 C IF WE GET HERE, AN ERROR WAS MADE BECAUSE THE
'0 C rNr)Ex NUMBER -I- WAS NOT FOUND BETWEEN RECORDS
21 C -NRCDI- AND -P4RCO2- ON FILE -LUN-.
22 C
"3 I'RR=1
'4 WRITE (6,115) I,NRCO1,NRCD2,LUN
25
'5

11!
1

FORMAT (0 ERRO. ITEM ,I4, NOT FOUNO
BETWEFN RECORDS ANO ,I5, IN LUN t,1211)

27 CALL EXIT
? C
29 C FCORD 'HE ASSIGNMENT OR ERASURE.
30 C
31 120 J2=J+2
'2 IRUF1CJ2)=IASSN
33 ENCO'E (".i30,IBUF1(J2)) IBUFI(J2)
4 130 FODMAT (14)

35 CALL SEEK (LUN,NDCD1J21)
76 BUFFER OUT (LUN,0) (IBUFI(J2,IBUF1CJ2))
37 ETUP4
lB C

79 C THERE ARE MORE THAN 1 PARCELS ENTERED FOR
0 C THIS CABLEWAY (THIS EXCEEDS THF DIMENSION SIZE).
1 '

42 10 TERR=I
43 WRITE (6,160)
44 160

1

FORMAT (U ER9OR* ATTEMPT TO ASSIGN A CARLE,
WAY FOR WHICH MORE THAN 190 PARCELS ARE FEASI9LE./)

46 CALL EXIT



12 RTURN
1.3 EN!)
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A( I OSU FORTRAN SUBOUTINF ASSIGN?

1 SUBROUTINE ASSIGN2CtCA9L,ISGN)
2 COMIWN IBUF(5O),tBUFj(z,5O),CMO1E(;),CLANOtjQ),NRQwS,NCOLS
3 COPMON LAMBDA(1O)
'C
5C THIS SU3ROUTIN RECORDS OR ERASES CABLE4AY
6C AS!ICNMENTS ON LUP4 10.

3 CALL SEEK(iQ,1C491-i)
q £4C'tJ (',1aC,IJ) IASGN

10 100 FOMA1 (I)
UFFE UT (10,0) (IJ,IJ)
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PAGE

I

2

3

'C

1. 051) FOØTPAW SU°OUTINE ASSIGN3

SUROUT1NE ASSIGN3(I,JOLO,JNEW)
COMMON IBUFt45O),IRUFj(k50),CMOV(5) ,CLANO(i0),NROWS,NCOLS
COMMON LAMSOA (10)

5 r THIS SU3ROUTIME REASSIGNS PARCEL I FROM CA3LEWAY -JOLO-
C 0 CASLEWAY -JN!W-. IT ALSO REMOVES THE ASSIGNMENT OF

7 C CASLEWAY -JOLO- AMO ADUS CABLEWAY -JMEW-.

9 CALL ASSIGN2(JULD,01
10 CALL ASSTGN2(JP4EW,i)
11 CALL SEEK (i1,(JNEW2)-2)
12 RFAD (11,110) NRCOI
11 110 FOMAT (18)
14 CALL SEEK (11,JNEW!)
15 REAO (11,110) NRCO2
16 CALL SEEK (13,(I3)-3)

READ (13,110) NRCO3
18 CALL SEEK (13,(1a3)_t)
19 READ (13,120) NXTRCO
70 120 FORMAT (1k)
21 CALL SEEK (13,MXTRCD
2! REA.D (13.110) NRCD
23 CALL ASSIGNI (I,NRCDI,MRCD2,12,IERP,1)
24 CALL ASSIGNI (JNEW,MRCO3,MRCOk,lk,IEPR,jI
25 CALL SEEK (ti,(JOLO2)-2)
25 RAO (11,110) MRCOI
'7 CALL SEEK (11,JOLD2)
28 READ (11,110) NRCD2
29 CALL ASSIGNI (I,NRCDI,PJRCD2,j2,IERR,0)
30 CALL ASSIGN1 JOLD,NRC?33,WRCOt.,14,IERR,0)
31 RETURN
37



pAr, I OS'J FO°TPAP4 SU8UTIN UDLAM3O#

1 SUROUTINE UPLAMBOA
2 COP'MON I9UF(50),I9UF1(I50),CMOVE(5),CLAND(1)),MROWS,NCOLS
3 COMMON LAMBOAIID)'C
5 C 'HIS SUBROUTINE U°OATS TH LIST -LAM8D- FROM THE

i C CONTENTS OF LUN B AND THE REVISED LUN 10.
'C
8 00 100 1=1,10
9 100 LAMSOA(I)=O

10 ICABL=1
11 110 CALL SEEK (tO,ICABL-1)

READ (10,128) IASGN
13 120 FORMAT (Is)

IF (EOF(10)) RETURN
15 IF (!ASGN .EO. 1) GO 10 130
16 ICABLICABL+1
17 GO TO 110
1 130 CALL SEEK (8,(ICABL*6)_6)
19 REM) (8,120) ISYSTM
20 CALL SEEK (8,(ICABL6)-5)
'1 !4O (,I20) LANOG
22 LA?4BOA(LANOG)=TSYST'4
'3 ICA8L=ICAL#1

i4 GO TO 110
'5

266



PAGE 1 OSU FORTRAN SU9OUTINE COPY

1 SUPOUTINE COPY
2 COMMON I9UF(t,5C),ItjFj(k5O),CMOyE(5),CLANfl(1),NRCwS,NcQLS
3 COMMON LAMSOAC1O)

5 C THIS SUBROUTINE COPIES THE CONTENTS OF LUN 9 ONTO LUN 15.

REWINO 9
S REWfl 15
9 100 READ (9,110) I

IC 110 FORMAT (I)
11 IF (OF(9)) GO TO 120
12 WRITE 11.5,110) I
13 GO TO 100
tt 120 RTURN
15 END
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A5E 050 FORTRAN SUBROUTINE EVALI

I SUPROUTINE EVALI(I,Jj,32,SAVING)
2 COMMON I8UF(50),I9uF1u50),CMovEc5),cLAN0(13),NRowS,NCoL5
3 COMMON LAMBDA(10)

5 r THIS SUBROUTINE PEFORMS AN IMPROVEMENT CHECK IN THE
S C MANNER OF SUBROUTINE -IMPROVE-, UT DOES HOT ACTUALLY MAKE
7 C ANY REVISIONS. RATHER, I! EVALUATES THE SAVINGS WHICH -

C WOULD RESULT FROM AN EXECUTION OF SUBROUTINE -IMPROVE-
9 C AFTER PARCEL -I- WE°E REASSIGNED FPO* CABLEWAY -JI.- TO

10 C CABLEWAY -J2-.
lic
12 S4VIHG=0.
11 CALL SEEK (11,(J22)-2)
1' READ (11,110) P4RCDI
15 CALL SEEK (11,J22
16 READ (11,110) NRCO2
17 121=NRCO2-NRCD1

00 100 11=1,121
19 CALL SEK (12,NRCD1+II-1)
20 READ (12,115) IBUFtII)
21 100 COMT!NUE
22 110 FORMAT (Ii)
23 115 FORMAT (IL.)
2' 00 150 1I1,121,3
75 111=11+1
'6 112=11+2
27 C
'8 C TO AVOID DOUBLE COUNTING OF IMPROVEMENTS DURING
29 C SUCCESSIVE CALLS TO -EVALI- FOR AN! CABLEWAY, CONSIDER
70 C ONLY THOSE IMPROVEMENTS DUE TO MOVING PARCELS NUMBERED
31 C GREATER THAN -I-.
12 C
13 IF (IRUF(II) .LE. I .OR. IBUF(112) .O. 1) GO To 150
IL. CALL SEEK (13,(IBUFtII)3)-31
15 RAO (13,110) NRCD3
'6 CALL SEEK (I3,tI9tJF(II)3)-1)
17 RA0 (13,115) NXTRCU
'8 CALL SEEK t13,NXTRCD)
19 READ (13,110) NRCUL.

IkINRCO4-NRCO3
IF (P.3 .EQ. 3)GO 70 150
00 11 K=1,I43
CALL SEEK (1L.,NCD3K-1)

L.L. 119 READ (1L.,115) I9UFItK)
L5 00 120 K=1,IL.3,3
(.6 <1K41
(.7
L.A IF (IBUF1IK2) .EO. 1) GO TO 1L.0
(. 120 CONTINUE
co c
51 C IF WE GET HERE, AN EDROR WAS REEN MAOE 3ECAUSE
52 C PARCEL -IBUFUI)- IS NOT LISTED AS 3EING ASSIGNED TO
53 C ANY CABLEWAY.
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55 WRITE (6,130) I,J1,J2,IBUFtII)
6 130 FOMAT (0 ERRO. DURING ATTEMPT TO PE-ASSIGN ,

67 1 ±PARCEL t,12, FROM CABLEWAY *,12,± TO
2 T19,°ARCEL i,I2, IS LISTED AS UNASSIGNEDSI/)
CALL EXIT

60 C
61 C COMPUTE THE EXDECTED SAVINGS DUE TO A P3TEPITIAL
62 C SHIFT OF -IBIJF(II)- FROM CA8LEWAY -IBUFICK)- TO CABLEWAY -.12-.
63 C
5L 1L0 IF (IBUF1flCII .G!. IUF(II1)) GO TO 150
65 SAVIMG=SAVING+FLOAT(IBtJF(III )-I3UFI(K1))
66 150 CONTINUE
67 RrTUDN

END
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IF (I3UF(12) .EQ. 0) 60 TO 160
CALL SEEK (t3,tIBUF(I)3)-3)

35 READ (13,115) NRCD3
CALL SEEK (i3,(I3UF(I)3)-j)
READ (13,110) NXTRCO

41 CALL SEEK (13,NXTRCD)
4? READ (13,115) NRCO4
43 I43=NPCO1,-NRCD3

45 C SEE IF ONLY ONE CABLFWAY CAN BE USED TO HVEST
46 C PARCEL -IBUFCI)-. IF SO IT CANNOT BE DROPPED.
47 C
1.8 IF (I4.L!. 3) GO 70 145
1.9 00 119 K1,I43
50 CALL SEEK (14,NRCD3'K-l)
51 119 READ (1b,110) IBUFItK)

C
3 C FIND THE MAXIMUM-VALUE REASSIGNMENT FOR EACH DARCEL.

54 C

270

PAGE

1

2

3

'C

1 OSU FORTRAN SUPOUTINE EVALIT

SUBROUTINE EVALII(J,KSyS,L,IDRDP,KADrJ,SUM,
COMMON IBUF(450),IBUFI(450),CMOVE(5),CLANO(1D),NROWS,NCOLS
COMMON LAMBDA (10)

S C THIS SUBROUTINE COMPUTES THE PORTION OF T4E -DROP
6

7
C

C
CRITERION- WHICH IS WITHIN THE SUMMATION OVER DARCELS,
FOR CABLEWAY J. IF KSYS0, THEN WE APE CONSIDERING

5 C D0PPtNG YARDING SYSTEM KSYS IF L0, WE ARE CONSIDERING
9 C DROPPING LANDING L. IF KAOD=0, THE ROUTINE IS FREE

10 C TO ADO ONE OTHER YARDING SYSTEM AT THE LANDING OF J
11 C OTHERWISE, NOT.
12 C
13 SUMC.
14 IOOP1
15 CALL SEEK (1.1,tJ'2)-2)
16 READ (11,115) NRCOI.

CALL SEEK (11,J2)
15 READ (11,115) NRCO2
19 I21=NRCo2wRcO1
20 00 100 1=1,121
21 CALL SEEK (12,NRCOI#t-1)
!2 100 READ (12,110) IUF(I)
23 11 FORMAT (I1
21,

25 C
110 FORMAT (14)

26 C FIND OUT THE LANDING OF -J-.
'7 C
25 CALL SEEK (5,(J6)-)

READ (5,110) LANOGO
0 C

31 C SUMMATION OVER THE DARCFLS CURRENTLY ASSIGNED TO -J-.
32 C
'3 00 10 1=1,121,3

11=1+1
IS 12I+2
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PACE OSU rORTRAN SUSQOUTINE EVALII

XMAX.6E30Q
00 11+0 K1,Ire3,3
K1K+1
K2K#2

59 IF tIBUF1(K21 .EQ. 11 GO TO 11+0
VALUEFLOAT(IBUF1(K1) IBUFCI1))

61 C
6? C SEE IF THIS CABLEWAY IS AFFIXED r0 A YARDING SYSTEM
63 C OP. LANDING BEING EVALUATED FOR DROPPING.
64 C
65 CALL SEEK (B,(IBUFI(K)6)-6)
66 READ (3,110) ISYSTM
67 CALL SEEK (3,(I8UF1(K)6)-5)
58 0 (3,110) LANOG

CALL SEEK t8,tIBUF1nc6)-1)
70 READ (8,120) EMPLACE
'1 120 FORMAT (F4.0)
'2 IF (ISYSTM .EQ. KSYS .ANO. LANOG .EQ. LANOGO) GO TO j1Q
3 IF (LANOG.EO. L) GO TO 11+0

7Cs CALL SEEK (10,IBUFI(K)-1)
75 RAD (10,110) IASGN
76 IF (IASGN .EO. 1) GO TO 130
'7 C
'3 C CABLEWAY IBUFI(K) HILL HAVE TO BE ADDED IF PARCEL
' C I3UF(I) IS TO B! ASSIGNED TO IT.
30 C
3j C
32 C MAKE SURE THE ONE-YARDING SYSTEM-PER-LA10TNG
33 C RULE PERMITS ESTABLISHING IBUFICKSYS). NOTE THAT IF KSYS>0,
4 C WE AE EVALUATING DROPPING THE ENT!R YAROINS SYSTEM

35 C AND CAN THUS ADO ONE OTHER SYSTEM AT THAY LAOING. IF
36 C L'O, WE ARE EVALUATING OPOPPING THE ENTIRE LANDING.
37 C
OS IF (<ADO .!O. 1 .AND. LAM3OA(tAMOG) .ME. C
39 1 LAMROA(LANOG) .ME. ISYSTM) GO TO 140
30 IF (LANOG .ME. L4NDGC .AND. LAMBDA(LANOG) NE. 0 .ANO.
31 1. LAMBOA(LANDG) .ME. ISYSTM) GO TO 11+0
c2 IF (LAHOG .EO. LANOGO .ANO. L .GT. 0) GO '0 140
33 VALUEVALUEEMPLACE
g4 C
95 C FIGURE IN THE COST OF LANDING CONSTRUCTION AND
36 C YARDING SYSTEM INSTALLATION IF NECESSARY.
Q7 C

IF (LAMBDA(LANOG) .EO. 0 V4LU=VALUECMOV5(IsYSTM
99 1 CLAND(LANDG)

I ' C
101. C ACCOUNT FOR ADDING A MEW SYSTEM AT THE LANDING
102 C OF -KSVS,
1'3 C

IF (LANOG .E0. LANDGO .ANO. LAM8OA(LANDG) .ME.
15 1. TSYSTM) VALUE=VALUE_CMOV!(ISYSTM)
IflS 130 IF (VALUE .L!. XMAX) GO TO 11+0

XM AX= V A LU!

1.03 JMEW=IBUFI(K)
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ing 1(e0 CONTINIJE
110 IF UMAX .G1, -.cE300) TO 1L
lii C
112 C A F!ASI9LE ALTERNATIVE HAS NOT EEN FOUND: THEREFORE,
113 C THE CA9LEWAY CANNOT BE OROPPED.
111. C
115 11.5 IROP0
116 R!TUQN
117 C
11 C THE FOLLOWING RESETS -LAMBDA- FOR (A) THE CASE WHERE
jig c WE AR! DOPPING A CASLEWAY ONLY AND -LAMBDA(LANDG)- = 0,
120 C (B) THE CASE WHERE WE AR! DROPPING A SYSTEM AND WANT
121 C TO ADO A NEW SYSTEM AT THE SAME LANDING (THE FIRST SUCH
1'2 C OPDORTUNITY ENCOUNTERED 15 ACCEPTED: THEN WE CANNOT, OF
123 C COURSE, 400 ANY MORE SYSTEMS AT THAT LANDING, SD WE SET
121. C (ADDt).
125 C
126 11.6 CALL SEEK t8,(JN!W6)-6)
127 READ (8,110) ISYSTM
128 CALL SEEK (8,(JNEW6)-5)
129 READ (8,110) LANDG
130 C
131 C THE FOLLOWING JUMP STEP IS PUT HERE SO THAT IF WE
132 C HAVE NOT ADDED A NEW SYSTEM AT LANDING L FOR CASE (83,
113 C KADO IS STILL EQUAL TO 0 SO WE CAN DC SO TN ANOTHER
131. C STEP IF NECESSARY.
135 C
16 IF (LAM0A(LANflG) .EO. ISYSTM) GO TO 11.7
137 LAMBOA(LANOG)=ISYSTM
138 IF (LANDS .EQ. LANOGO) KAOD=1

9 C
11.0 C STORE THE INDICES OF THE PARCEL TO BE REASSIGNED,
11.1 C H! OLD CABLEWAY TO WHICH IT WAS ASSIGNED, AND THE
11.2 C NEW CABLEWAY To WHICH IT SHOULD BE REASSIGNE).
11.3 C
j 1147 WRIT! (9,1O) IBUF(I),J,JN!W
11.5 1SC FORMAT (311.)
11.6 C ACCUMULATE THE SUM OVER ALL PARCELS CURRENTLY ASSIGNED
11.7 C TO THE OLD CABLEWAY.
11.8 C
11.9 SUM=S(M4.XM4X
150 160 CONTINUE
11 RFTURN
12
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PAE 1 OSU FOTAN FUNCTION OSUMI

I FUNCTION OSUMT(J)
2 COMMON I9UF(t.5O),I8UFt(k5O1,CMovEt5),CLAN(j),NRowS,wcQLS

COMMON LAMBDA(10)
'C
5 C THIS FUNCTION COMPUTES THE SUM OF THE VLUES OF
6 C TIM3EP. PARCELS CURPENTLY ASSIGNED TO CABLEWAY -3-.
7C
S OSUMIO.
q CALL SEEK (11,(J2)-2)

10 REAr) (11,100) NRCUI
11 CALL SEI( (11,J'E)
12 R!AD (11,100) NRCD2
13 100 FORMAT (IS)
11+ !21=NPCO2-NRCO1

DO 110 1=1,121
16 CALL SEEK (12,NRCOI#I-1)
17 110 AD (12,115) IUF(I)
jR 115 FORMAT (I)

30 120 1=1,121,3
20 111+1
21 121+2
22 IF (IRUF(12) .EO. 0) 60 TO 120

OSUMI=DSUMI+FLr)A1(IUF(T1))
'k 120 CONTINUE
'5 RETU'N
'6 END
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D j OSU FORTRAN SU9°OUTINE AODEVA(.

1 SUBROUTINE AODEVAL(J,SUM)
2 COMMON IBuFcL5o),IUF1(45O),CMOvEc5),CLANO(io),MRowS,NCoLs
3 COMMON LAMBDA (10)
'C
5 C THIS SUBROUTINE COMPUTES THE PORTION OF THE ADO
6 C CRITERION WHICH IS WITHIN THE SUMMATION OVER DARCELS,
7 C FOR CABL.!WAY J.
BC
9 SUW=0.

10 REWIND 9
It CALL. SEEK tl,(J'2)-2)
12 READ (11,101) NRCOI
13 100 FOPMAT (I+)
14 101 FORMAT (18)
15 CALL SEEK (11,J2)
16 READ (11,101) NRCD2
IT 121NRCO2NRCDI
18 C
19 C FIND OUT WHICH PARCELS COULD BE ASSIGNED TO CABLEWAY
'0 C J.
21 C
'2 00 110 1=1,121
23 CALL SEEK t12,NRCOI+Il)
2' 110 RAO (12,100) IBUFfI)
25 C

76 C ACCUMULATE THE SUM.
27 C
'3 00 160 1=1,121,3

0 11=1+1
30 I21#2
31 IF (IBUF(12) .ME 1) GO TO 130
12 WPIT! (6,120) J,I9tJF(I)
33 120 FORMAT (0 RPOR DURING ATTEM°T TO ADO CA8LEWAY,
3$. I 1X,I4 (STEP 3), PAFCEL IS ALREADY LISTEO/T21,
1! 2 tA P51MG ASSIGNED TO THAT CABLEWAY./)
16 CALL EXIT
37 130 CALL SEEK (j3,(IBUF(I)3)-3)

READ (13,101) NRCO3
19 CALL SEEK (t3,(19UFtI)3)-1)
40 READ (13,100) NXTRCD
41 CALL SEEK (13,NXTRCO)
42 READ (13,101) NRCO'.
43 I4IMRCD$&NRCD3
11 Or' 140 K1,Itil
45 CALL SEEK (i4,NRCO3'Kl)
t 140 REM) (14,1CC) IBUFi(K)
47 00 150 K=1,I$.3,3

K1K#1
49 K2K2

IF (T9Ut(K2) .EQ. 0) GO 10 150
C

c2 C IF THE VALUE OF PARCEL IPUF(I) WOULD BE GREATER
53 C UNDER ASSIGNMENT TO CA9LEWAY J THAN UNOR ITS PRESENT
cc. C ASSIr,NMENT (TO CA3LFWAY IOUFI(K)), THEN ADD THE
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PAGE 2 OSU FOPTRAP4 SUBOUTIME AODEVAL

5 C OIFFEREMCE TO -SUM-.
6 C

IF (IUi(Ki) .GE. IUFtIi)) GO TO 1O
SUMSUM+FLOATCIBUFtIi)IRUF1 (1(1))

q c
4 C !N LIJN 9, MAKE UP A 11S1 OF THE PARCELS (AND THE
ci c CA9LFWAYS TO WHICH THEY AE PRESENTLY ASSIGNZD) WHICH
2 C WOULD IMPROVE IN VALUE IF RE-ASSIGNED TO CABLEWAY -J-.
c3c

WRTT (9,11e5) I9tJF(I),I9UF1(K)
65 11.5 FORMAT 2I1.

66 150 CoNTINUE
67 160 CONTINUE

RETURN
END
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D4 1 OSU FORTPAN !U8ROUTINE REPORT

I SUBROUTINE REPORT
2 COMMON I8UF(1.50),I9UFj(1.5O),CMCVE(51,CLA(jO),NRowS,NCOLS
3 COMMON LAMRDA(lQ)
'C
5 C °RINT OUT A SUMMARY OF THE CURRENT SOLUTION.

7 CVAL:CCLANO=CCMOVF=CC8L=0.
8 WRITE (6,100)
9 100 FORMAT (SZ,1CURPENT SOLUTION REPORT -- CASADE

10 1 tALGORITHM/ i,1.5t*=2I1f/ LANDINGS FIXED
11 2 Y4R.DING SYSTEM FIXEO±/ OCCUPIED CCST,9X,
12 3 ASSIGNEOt,7XCO5T,* ,8(-),1.X,
13 1.

1'. ¶30 120 L1,j0
15 IF (LAM9DA(L) .EQ. 0) GO 10 120
16 KLAMBOACL)
17 WRITE (6,110) L,CLAND(L),K,CMOVE(K)
18 110 FOP.MAT tI6,6x,F5.O,7x,I6,5x,F6.fl)
19 CCLANDCCLANO+CLAND(L)
20 CCMOIIE=CCMOVE.CMOVEtK)
21 120 CONTINUE
22 WRIT! (6,130)
23 130 FORMAT SUMMARY OF CA8LEWAY/'ARCEL

1 ASSIGNMENTS*tt *,;9t-)/)
25 IC1
26 11.0 CALL SEEK (1U,IC-1)
27 READ (10,150) IASGN
25 icO FOPMAT (11.)
29 IF (EOF(10)) GO TO 220

IF (IASGN .EQ. 1) GO 10 160
IC=IC#i

32 GO TO 11.0
1 160 CALL SEEK (8,(IC6)-6) -

31. RAD (8,150) K
CALL SEEK (8,(106)-c)

36 READ (8,150) L
37 CALL SEEK (5,(IC'6)-1.)

READ C,jC) IR
CALL SVK (8,CIC'6)-3)
READ (8,150) IL
C.LL SEEK (0,(ICS)-2)

'2 READ (8,150) ITT
1.3 CALL SEEK (8,(IC'6)-1)

READ (8,170) C9L
5 170 FORMAT (F1..0)

CC9L=CrSL+C3L
WRITE (6,150) IC,IR.ICL,rrT,C8L,L,K

'5 180 FORMAT (2 CABLEWAY 2,14,/5x,ANCHOF=(2,I2,2,2,I2,*)
I TAILIREE=2,13,2 T: EMPLACEMENT COST=S2,F1..0/SX,
2 2LANDING=2,!2,2: YARDING S1!M2,T2//5Y,ARCEL 2,
3 2MFT VALUE2/SX,2------
CALL SEEK (j1,(IC2)-2)

53 READ (t1,1q0) NRCDI
51. 190 OP'4AT (IS)
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PAGE 2 OSU FORTRAN SUBROUTINE REPORT

55 CALL SEEK (11,IC2)
READ (11,190) NRCU2

57 121=NRCO2-NRCOI.
00 21.0 1=1,121,3

59 111#1
121#2
ALL cEK (12,')CDl+I2t)

(12,10) TASG"
IF (IASG# .E. 0) GO TO 21f5
CALL SEEK (1.2,NRCDI#I-1)

65 REAO (12,150) IP
66 CALL SEEK (12,NRCOI#I1-1)
67 READ (12,170) V
65 A1=FLOAT(IP)/FLOAT(NGOLS)
69 IPR=IFIX(At)+1
70 EPCIFIX(C(A1FLOAr(IPP1))4FLOAT(NCOLS))#.5)
71 WRITE (6,200) IPR,TPC,V
2 200 FORMAT (5X,*(t,I2,,,I2,t),kX,F.Q)

'3 CVAL=CVAL+V
' 210 CO1TINUE
75 WPITE (6,215)
76 215 OPMA1 (0*,59()/f)
77 ICIC+1
'5 GO 10 ir
'9 22" TUTAL=CVALCCLANOCCMOVECCBL

WRITE (6,230) CVAL,CCLAND,CCMOVE,CC8L,TOAL
1 230 FOPWAT (**,59(t=)/ TOTAL ESTIP4ATED VALUE O ,

'2 1 THE SOLUTI0Nz/t0,x,TOTAL OF PARCEL VALUESt,
2 15X,* ,F5.Of/X,LANOING AND SPUR CONSTRUCTION*,
3 ± CO515 =,FjO.O/4X,:YAPOING SYSTEM INSTALLA,

*TT1i ris =±,1a.C/',"LEwAv
S 'M' ±,

T"TAL E3TIMTED VALUE,16X,= ',F*.0)
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APPENDIX V

LISTINGS OF THE RANDOM ACCESS DATA FILES
USED BY THE HEURISTIC PROCESSOR
TO SOLVE THE EX.MPLE PROBLEM

IN CHAPTERS IV AND V (see Table 4).

Format

The logical unit number (LUN) associated with each file is mdi-

cated. Columns to the left of the double vertical line are for infor-

mation only and are not physically part of the data file. Assignments

shown in LUNs 10, 12, and 14 are for the optimal solution; initial

assignments in all cases would be 0 (i.e. unassigned).

The logical record length for each file is equal to one BCD word

(four characters).

Remarks

LUNs 8, 11, and 13 are read-only files; LUNs 10, 12, and 14

are read-write files.

LUN 11 always contains two more records than twice the number

of cableways being considered in the problem. The entry on the last

two records is an 8-digit number which is one larger than the maximum

record number in LUN 12.

LUN 13 always contains three times as many records as there

are parcels in the original data matrix, plus three additional records.

The entry on the first two records of the last group of three is an
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8-digit number which is one larger than the maximum record number in

LUN 14; the entry on the final record is a 0. For a non-rectangular

planning area, some (or many) of the records in LTJN 13 are usually

"empty" because the parcels corresponding to those records are outside

of the planning area and are thus not actually being considered for

harvest (this is not the case for the example shown; all parcels are

to be harvested). Empty "first feasible cableway" records contain a

-1, and empty "next parcel to be harvested" records contain a 0.

4. Every parcel represented in LUN 14 will have exactly one

cableway assigned to it after optimization.

Listings

See the two pages following.



LUN 11

4 BCD
characters

Cableway
Number

Record
Number

Record of
First

Feasible
Parcel in
LTJN 12

8 BCD characters

Each entry requires 4 BCD characters

LUN 10 LUN 12

1

4 BCD characters
(each entry)

280

.LUL 0
File Entries

Cableway'Record Yarding Anchor Tailtree Emplacement
Number Number System Landing Row Column Height Cost

1 0-5 1 1 1 3 0 1000
2 6-11 1 1 3 5 25 800
3 12-17 2 1 1 3 0 600
4 18-23 2 1 3 5 50 500
5 24-29 1 2 2 2 75 1100
6 30-35 1 2 4 1 25 700
7 36-41 2 2 2 2 100 800
8 42-47 2 2 4 1 0 700

File Entries
Cableway
Number

Record
Number Parcel Value

Optimal
Assignment

0-2 1 3000 1

3-5 2 3200 1
6-8

4 3500 1

9-11 5 600 0

12-14 3 1000 1

2 15-17 5 700 1

18-20 6 800 1

21-23 1 800 0

24-26 2 1100 0

27-29 4 2000 0

4 30-32 6 1200 0
33-35 1 1000 0

36-38 2 900 0

39-41 3 1400 0

42-44 6 700 0

45-47 2 600 0

48-50 4 900 0
6

51-53 5 1000 0

54-56 6 700 0

57-59 2 800 0

60-62 3 1200 0

63-65 5 700 0

66-68 6 700 0

69-71 4 1200 0

8 72-74 5 900 0

75-77 6 700 0

Optimal
Assign-

ment
Cableway
Number

Record
Number

1 0 1

2 1 1

3 2 0

4 3 0

5 4 0

6 5 0
7 6 0

8 7 0

1 0 0
2 2 12
3 4 21
4 6 30
5 8 33
6 10 45

7 12 57
8 14 69

16 78



8 BCD characters 4 BCD characters

LUN 14

4 BCD characters
(each entry)

Record of First '

Feasible Cableway
in LUN 14

Record of Next
Parcel to be Har-
vested (LUN 13)

Parcel
Number

Record
Number

1

2

3

4

5

6

-

0-2

3-5
6-8
9-li

12-14
15-17
18-20

0

9

24

33

45
60

78

3

6

9

12

15

18

0

File Entries
Parcel
Number

Record
Number Cabieway Value

Optimal
Assignment

0-2 1 3000 1

3-5 3 800 0

6-8 5 1000 0

9-11 1 3200 1

12-24 3 1100 0

2 15-17 5 900 0

18-20 6 600 0

21-23 7 800 0

24-26 2 1000 1

3 27-29 5 1400 0

30-32 7 1200 0

33-35 1 3500 1

36-38 3 2000 0

39-41 6 900 0

42-44 8 1200 0

45-47 1 600 0

48-50 2 700 1

5 51-53 6 1000 0

54-56 7 700 0

57-59 8 900 0

60-62 2 800 1

63-65 4 1200 0

66-68 5 700 0
6

69-71 6 700 0

72-74 7 700 0

75-77 8 700 0

LUN 13
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APPENDIX VI

Listing ofa Program to Create the Random Access Files

For Use by the Heuristic Algorithm
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pr 1 OS!J FOrA,: PPOr,A,4 RFILrS

I PROGRAM RNOFILES
2C
3 C USING THE OUTPUT FROM POOGRAM CA3LYO, HAKE
1. C UD THE RANDOM ACCESS FILES FOR CASCADE. 4)TE THAT
5 C THE DIMENSION STATEMENT AND SOME CONSTANTS HAVE
6 C 9EEN SET ASSUMING THAT THE PLANNING AREA CONSISTS OF
7 C 2200 PARCELS OF TIMR.
SC
9 DIMENSION IPARCL(2200) ,ICUML(2200J

10 DO 50 1=1,2200
1.1 ICUMLtI)=O
12 50 IDARCL(I)=0
13 C
14 C ION to.
15 C
16 READ (9,100) NCOLS,NSYS,NLAND,NCABLS
17 100 FORMAT (17/I7/I7!171
15 L0
19 L1-1
20 00 120 11,NCABLS
21. CALL SEEK (10,1-1)
22 WRIT! (10,11) I
23 11 FORMAT (11.)
21. 120 CONTINUE
SSC
26.0 LUNS 11 AND 12.
27 C
'8 IFIR!T=0
29 ICA9L=0
30 130 READ (7,140) IC,ID,V
31 IF (EDF(7)) G TO 151
32 11.0 FORMAT (2(15,1X),F11.2)
33 TD1=!P,t

I°RCL(IP1)=IPACIftPj)41
T (V .GF. 14 1P. V LE. 1E3) WRIT! (6,141) IC,

1 TDI,V
37 1t FORMAT ( ' FOR C5LWAY ,T2,±, THE VALUE O AC!L
'35 1 I2, IS ,Ftj.2)
19 IF (IC .NE. ICABL) GO. TO 150
+0 11.5 CALL SEEK (12,IFIRST)
41 WRIT! (12,150) I1,V,L
2 150 FORMAT (Il.,F1..0,I1.I

IFIRST=IFIRST#3
1.1. GO TO 130
'5 160 CALL SEEK (tI,ICA9L2)

WRIT! (11,155) IFIRET
47 155 ORMAT (IS)
'S ICABL=ICASL+i
49 GO TO 145
0 151 CALL SEEK (tI,NCA3LS'2)

WRITE (11,155) !FIRST
C
C LUNS 13 AND 11.. FIRST, RECORD CABLEWAYS ON

54 C SCRATCH FILE 15, WHICH IS A RAF, THE NUM!R OF
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A(E 2 OSU FORTRAN PROGRAM RNDFILES

55 C CABLEWAYS FOR PARCEL -ID- IS ST0RD IN -IPARL(I1-:
56 C BEGIN BY CONVERTING THAT TO A CUMULATIVE.
7 C

REWIND 7
ICUMO

60 00 10 1=1,2200
51 IF (IPARCL(I) .EQ. 0) GO TO IBO
62 ICUML(I)=ICLJM
63 ICUM=ICUM+IPARCLI

WRIT (6,1000) IPARCL(I),ICUML(fl
65 1000 FORMAT (218)
66 1!0 CONTINUE
67 WP!T! (6,1100) ICUU
: 1100 FOMT (1BX,IB)

C
.' C INITIALIZE LUN 15.
1 C

0) 2C I=1,ICUM
WRIT 115,190) L,L

7 190 FORMAT (2I)
7 200 CONTINUE
75 REWINO 15
7'C

C RECORD DATA ON LUN 15.
79 C
0 202 READ (7,1I#0 IC,IP,V

IF (0Ft7)) GO TO 205
A? EN!O0! (t.,110,IC) IC

ENCO'E (1.,203,IV) V
203 FORMAT (F1..0)

IP1=TP+t
IA'0R=ICUML(IP1)2
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SB

92
93

95

101
102
13
1k

i6
107
1B

C

C

C
C

C

20(.

CALL SEEK (15,IAODR)
READ (15,190) ICBL,IV2
IF (IC9L .GT. 0) GO '.0 20
CALL SEEK (15,IADOR)
BUFFER OUT (15,0) (IC,IC)
CALL SEEK (15,I400P.+1)
BUFFER OUT (15,0) (II1,TVI
GO 1' 202
IADDP.=IADOR+?
CALL SEEK (15,IAODR1
READ (15,190) ICSL,IV2
IF (IC9L .GT. 0) GO ID 20
CALL SEEK (15,IAODR)
3UF Dlii (15,0) (IC,IC)
CALL SEEK (15,IAOOP4I)
BUFFER OUT (15,0) (IV,tV)
GO TO 202

ALL OF THE CABLEWAY HAVE BEEN RECORDED. NOW,
CODY THIS INORMATTDN CNTD LUN$ 13 AND jL AND DUT IT
IN DRDFR.



DA( 3 OSU FO1'RAN PROGRAM RNDFILES

1D9 205 REWTIO 15
110 IFIRST=0
111 00 220 I1,2200
112 IF (IDARCL(I) GT. 0) GO To 205
113 CALL SEEK (13,(I*3)_3)
11'. WTTE(i3,295) L1,L
115 206 FOD'441 (I5,I)
115 GO 10 220
111 208 CALL SE!K (13,(I3)-3)
118 WRIT! (13,206) IFIRSI,Lj
119 IADOR=ICUML(I)'2
1'0 K=IPARCL(I)
121 00 212 IK=1,K
122 CALL SEEK (15,IADQR)
123 READ (15,190) IC,IV
12 IAOOR=IADOR+2
125 CALL SEEK (ii.,IFIRST)
126 WRIT! (1,210) IC,IV,L
127 210 FODMAT (3)
128 IFIRST=IFIRST+3
129 212 CONTINUE
130 220 CONTINUE
111 CALL SEEK. (13,6597)
132 WRIT! (13,205) IFIRST,L
133 C
11'. C LUNS 13 AND 1(# NAVE BEEN INITIALIZED. NOW, GO BACK
135 C AND FILL IPI THE RECORD OF NEXT PARCEL TO BE HARVESTED-
135 C ENtRIES IN LUN 13.
117 C
138 RFWINO 13

DO 20 1=1,2200
1e0 CALL SEEK tl3,(I3)j)
i'i READ (13,110) L
12 IF (L .P4E. -1) GO TO 250
13
t'4 230 CALL SEEK (i3,(J3)-3)

RFAD (13,205) LI
1t6 IF (Li .EO. 1) GO TO 21i0
jL7 CALL SEEK (13,(I'3)-1)

TJ=(JI)3
1'9 ENCODE (,11Q,IJ) IJ
10 BUFFEP OUT (13,0) (Ii,IJ)
11 GO tO 250
152 20 J=J+i
13 GO TO 230
j5L 2!0 CONTINUE
155 CALL EXIT
156 END
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APPENDIX VII

Landing and Spur Road Construction Cost Calculations

Reference: McNutt, J. A. 1976. A stochastic analysis or erosion and
economic impacts associated with timber harvests and forest roads.
Ph.D. dissertation. Corvallis, Oregon State University, 206 p.

All roads to be constructed are secondary roads, for which the
following characteristics are assumed:

1 lane, 12-foot gravel-surfaced width'plus ditch, turnouts every
750 feet and on blind corners, 35-foot right-of-way.

According to NcNutt, recent Forest Service experience for ridgetop roads
of this type in the Smith-Umpqua Block has averaged $192,000 per mile,
total in-place cost.

Landings are assumed to be of the same character as the spur roads,
except that 75-foot by 20-foot dimensions are used. This gives a total
in-place cost of $224,000 per mile.

Timber in the right-of-way is netted against the road or landing
construction cost to give a cost net of timber value.

Landing 1
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Road: (0.09 mi)($192000/mi) $17280

Landing: (75 ft/5280 ft/mi) ($224000/mi) = 3200

Timber value = 1670

Net cost $18810

Landing 2

Road: (0.28 ml) ($192000/mi) = $53760

Landing = 3200

Timber value = 4700

$52260



Landing 3
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Road: (0.05)(192000) = $ 9600

Landing 3200

Timber value = 1050

$ 11750

Landing 4

Road: (0.08)(192000) $ 15360

LandIng = 3200

Timber value = 4360

$ 14200

Landing 5

(0.63)(192000)

value

=

=

=

$120960

3200

17310

Road:

Landing

Timber

$106850



R
(200)(0.72)(1000)

APPENDIX VIII

Hauling Cost Calculations

Reference: Byrne, J. J., R. J. Nelson, and P. H. Googins. 1960.

Logging road handbook: the effect of road design on hauling
costs. Washington, D. C. U. S. Dept. of Agric., Handbook No. 183.

65 p.

Assumptions

65,000-lb GVW, 200-hp truck

(200) (0.72) (1000)
- 2.22 (loaded)B

65000

[p. Byrne et al.)

26750
- 5.38 (empty)

Average load = 4500 fbm = 38250 lbs

Traffic intensity = 10 vehicles per hour

Turnout spacing = 750 feet

Expected delay times per trip:

Waiting to be loaded 20 mm
Loading time 35

Tighten binders, check brakes 10

Wait at scale station 15

Scaling time 10

Wait to be unloaded 10

Unloading time 5

105 mm

Maximum hauling hours per day = 12

Straight-time costs:

Truck $5.12/hr
Driver 6.76

Truck operating costs 6.50

$18. 38/hr
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Overtime costs:

Truck $5.12/hr
Driver 10.14
Truck operating costs 6.50

$21. 76/hr

Delay time costs:

Truck $5.12/hr
Driver 6.76 or 10.14 (ot)
Truck operating costs 0

289

$11.88/hr or $15.26/hr

Amortization and maintenance charges on the Forest Service roads
and PUC charges on other public roads are assumed to be assessed
equally against the timber hauled from any of the five landings, and
are therefore not considered in the analysis.

Amortization of spur road construction costs are not considered
here because those costs are handled as fixed charges in the formulation
of the mathematical model.

Road segments A, Al, A2, B, C, Cl, and C2 are. shown on the
accompanying figure. Segments Ml, M2, M3, M4, and M5 are on the main
haul road; segment CTY is along the county road; segment HWY is on
U. S. Highway 101 (see Figure 20).

Cost Calculations

The accompanying table gives estimated controlling times for each
road segment, both loaded and empty. Using the method of Byrnes et al.,
estimated hauling costs can be calculated as follows:

Landing 1: total estimated hauling time 92.2mm
estimated delay times = 105.0

total estimated time/trip = 197.2 mm

straight-time trips per day = (480 min)/(197.2 mm)
= 2.43

overtime trips per day = (240 tnin)/(197.2 mm)
= 1.22



ROAD SEGMENT HAULING TIME TABLES
(after Byrne et al. -- see page 17)
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1Ssecondary road; P=primary haul road; 2L=two-lane, paved highway.

Grades, curvature, and distances were estimated for existing roads by

driving the roads. For planned roads, they were established by means

of a ground reconnaissance.

Avg
Road Road Avg Curves Curve Dist
Sgmt Type1 Grade per Mile Radius (mi)

Controlled Controlled
by Grade by Aligamt

Loaded Empty Loaded Empty

LANDING 1
Haul Time per Mile

(minutes)

Al S -20% -- -- 0.09 5.5* 6.0* --

A S -5 -- -- .05 2.0* 2.3* -- --

M3 P -5 10 300 2.0 2.0 2.3 3.0* 2.8*

M4 P +10 10 300 .5 8.8* 3.2* 3.0 2.8

MS P -5 10 300 8.2 2.0 2.3 3.0* 2.8*

CT? 2L -1 5 500 2.9 1.3 1.3 2.4* 2.1*

HWY 2L -1 1 1000 3.7 1.3 1.3 1.5* 1.4*

LANDING 2

A2 S +12 1 800 .23 99* 3.8* 2.2 1.9

Segments A, M3, M4, M5, CT?, and HWY are the same as for Landing 1.

LANDING 3

B 5 -10 1 200 .05 3.2 3.7 4.2* 4.1*

M2 P -2 2 150 .21 1.3 1.5 37* 34*

Segments MS, M4, MS. CT?, and HWY are the same as for Landing 2.

LANDING 4

Cl S -10 1 200 .08 3.2 37* 39* 3.6
C 5 +10 4 150 .24 9.0* 3.2 4.7 44*
Ml P -2 1 800 .21 1.3 1.8* 2.0* 1.8

Segments M2, M3, M4, 1q15, CT?, and HWY are the same as for Landing 3.

LANDING 5

C2 S +10 4 350 .63 8.8* 33* 3.0 2.8

Segments C, Ml, M2, M3, M4, M5, CT?, and HWY are the same as for
Landing 4.
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LANDING 3
Cl

LANDING 5

LANDING 1

LANDING 2

A2

TO REEDSPORT

Al

C2

M3

M2

HAUL ROAD SEGMENTS WITHIN OR ADJACENT TO ThE PLANNING AREA

(M4, M5, C1Y AND 14W NOT SHOWN)
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costs:

292

At the estimated 4500 fbm/trip and (2.43 + 1.22 =) 3.65 trips/day,
this gives

(3 65) (4 5)
= $l1.73/Mfbm

The same procedure is followed for the other landings; estimated
haul costs are summarized in Table 17 (Chapter VI).

Delays Haul Total

straight time $50.60 $68.63 $119.23

overtime 32.58 40.79 73.37

$83.18 $109.42 $192.60



APPENDIX IX. YARDING SYSTEM COSTS

References

Costs and methodology used in computing the equipment, labor, and

wire rope cost estimates in this Appendix have been taken from the

following source:

Forest Service, USDA. 1974. Timber appraisal handbook (Chapters

410 and 415.82). Portland, USDA Forest Service, Region 6.

Various paging.

Procedures used to estimate yarding system installation costs are de-

scribed in the following publication:

Bureau of Land Management, USD1. 1972. Timber appraisal produc-

tion cost schedule 18. Portland, USD1 Bureau of Land

Management, Oregon State Office. Release 9-109. 283 p.
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Estimated Hourly Yarding System Costs
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Equipment Item Hourly Cost
Dollars

MADILL 071 WEST COAST TOWER (Highlead) -- Yarding System 1

Depreciation
Yarder-tower ($112,500 initial cost, depreciated to

20% salvage value, estimated useful life of 8 years) . 7.03

Radios ($4200, 10%, 4-year life) 0.59

Butt rigging ($500, no salvage, 1-year life) 0.31

Tail and corner rigging ($2000, 10%, 4 years) 0.28

Guylines ($1271, no salvage, 4 years) 0.20
Landing tractor (used, $8000, no salvage, 8 years) . . . 0.63

Loader ($82,000, 20%, 8 years ) 5.13

Crew vehicles ($15,000, no salvage, 8 years ) 1.17
Miscellaneous equipment ($10,000, no salvage, 4 years) . 1.56

Subtotal 16.12

Maintenance and repair costs
Yarder, tractor, loader, and crew vehicle (50% of

depreciation) 6.98

Radios (60% of depreciation) 0.35

Subtotal 7.33

Fuel and lubricants 5.51

Total equipment costs $28.96

Labor
Yarder operator 7.56

Loader operator 7.96

Rigging slinger 7.23

Chaser 6.39

Choker setters (2) 12.44
Supervision 4.00

Total labor costs $45.58

TOTAL ESTIMATED HOURLY COSTS $74.54
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Equipment Item Hourly Cost
Dollars

SMITH-BERGER MARCy (Running Skyline) -- Yarding System 2

Depreciation
Yarder-tower ($278,000, 20%, 8 years) 17.38

Radios ($4200, 10%, 4 years) 0.59

Carriage ($4830, 10%, 4 years) ............ 0.68

Tailtree rigging equipment ($4400, 10%, 4 years) 0.62

Guylines ($833, no salvage, 4 years) 0.13

Landing tractor ($8000, no salvage, 8 years) 0.63

Loader ($82,000, 207, 8 years) ............ 5.13

Crew vehicles ($15,000, no salvage, 8 years) ..... 1.17

Miscellaneous equipment ($10,000, no salvage, 4 years) 1.56

Subtotal 27.11

Maintenance and repair costs
Yarder, tractor, loader, and crew vehicles (50% of

depreciation) 12.16

Carriage (20% of depreciation) 0.14

Radios (60% of depreciation) 0.35

Subtotal 12.65

Fuel and lubricants 6.75

Total equipment costs $46.51

Labor costs (same as Madill 071) 45.58

TOTAL ESTIMATED HOURLY COSTS $92.09
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Equipment Ite Hourly Cost
Dollars

SKAGIT BU-199/T-110 (Live Skyline) -- Yarding System3

Depreciation
Yarder-tower ($408,400, 20%, 8 years) 25.53

Radios ($4200,l0%, 4 years) 0.59

Carriage ($22,500, 10%, 8 years) 1.58

Tailtree rigging equipment($7100, 10%, 4 years) 1.00

Guylines ($6050, no salvage, 4 years) 0.95

Landing tractor ($8000, no salvage, 8 years) 0.63

Loader ($82,000, 20%, 8 years) 5.13

Crew vehicles ($15,000, no salvage, 8 years) 1.17

Miscellaneous equipment ($10,000, no salvage, 4 years) . . 1.56

Subtotal 38.14

Maintenance and repair costs
Yarder, carriage, tractor, loader, and crew vehicles

(50% of depreciation) 17.02

Radios (60% of depreciation) 0.35

Subtotal 17.37

Fuel and lubricants 9.63

Total equipment costs $65.14

Labor
Hooktender 8.79

Yarder operator 7.56

Loader operator 7.96

Rigging slinger 7.23

Chaser 6.39

Choker setters (2) . . 12.44

Total labor costs $50.37

TOTAL ESTIMATED HOURLY COSTS $115.51



Equipment Item

SKAGIT BU-90/T-90 (Live Skyline) -- Yarding System 4

297

Hourly Cost
Dollars

Depreciation
Yarder-tower($210,000, 20%, 8 years) 13.13

Radios ($4200, 10%, 4 years) 0.59

Carriage ($22,500, 10%, 8 years) 1.58

Tailtree rigging equipment ($7100, 10%, 4 years) 1.00

Guylines ($5313, no salvage, 4 years) 0.75

Landing tractor ($8000, no salvage, 8 years) 0.63

Loader ($82,000, 20%, 8 years) 5.13

Crew vehicles ($15,000, no salvage, 8 years) 1.17

Miscellaneous equipment ($10,000, no salvage, 4 years) 1.56

Subtotal 25.54

Maintenance and repair costs
Yarder, carriage, tractor, loader, and crew vehicles

(50% of depreciation) 10.82

Radios (60% of depreciation) 0.35

Subtotal 11.17

Fuel and lubricants . . . . 9.50

Total equipment costs $46.21

Labor costs (same as BU-199) 50.37

TOTAL ESTIMATED HOURLY COSTS $96.58



Estimated Wire Rope Costs per Mfbm, Gross
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Rope
Wire Rope Item Diameter

Quantity
Required

Total
Cost

Estimated
Life Cost

Inches Feet Dollars NMfbm $/Mfbm

MADILL 071
Mainline 7/8 965 883 5 0.18

Haulback 3/4 1870 1384 10 0.14

Strawline 3/8 1900 550 10 0.06

Chokers 5/8 60 41 0.2 0.20

Total $0.58

SMITH-BERGER MARC V
Skyline 718 4400 4026 5 0.81

Mainline 7/8 2200 2013 10 0.20

Skidding line 5/8 2300 1156 10 0.12

Strawline 7/16 4500 1575 20 0.08

Chokers 5/8 20 22 0.2 0.11

Total $1.32

SKAGIT BTJ-199/T-llo
Skyline 1-1/4 3970 6392 10 0.64

Mainline 1 4890 5526 15 0.37

Haulback 3/4 8470 6268 20 0.31

Straw + Utility 7/16 9500 2850 20 0.14

Tagline 7/8 300 255 5 0.05

Chokers 5/8 20 22 0.2 0.11

Total $1.62

SKAGIT BU-90/T-90
Skyline 1-1/8 2030 2822 10 0.28

Mainline 3/4 2220 1643 15 0.11

Haulback 5/8 6600 3320 20 0.17

Strawline 7/16 4800 1680 20 0.08

Tagline 3/4 300 222 5 0.04

Chokers 5/8 20 22 0.2 0.11

Total $0.80



Estimated Costs of Yarding System Installation
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MADILL 071 WEST COAST TOWER (Highlead) -- Yarding System 1

1 hour to rig down at previous location 74.54

4 hours to move yarding system 298.16

Logging truck for hauling yarder and loader--4 hours 73.52

Flag car 80.00

1 hour to rig up at new location 74.54

$600.76

SMITH-BERGER MARC V (Running Skyline) -- Yarding System 2

1 hour to rig down at previous location 92.09

4 hours to move yarding system 368.36

Logging truck for hauling yarder and loader--4 hours 73.52

Flag car 80.00

2 hours to rig up at new location 184.18

$798.15

SKAGIT BU-l99/T-1l0 (Live Skyline) -- Yarding System 3

2 hours to rig down at previous location 231.02

9 hours to move yarding system 1039.59

Lowboy rental to move yarding system 1360.50

Flag car 100.00

4 hours to rig up at new location 462.04

$3193.15

SKAGIT BTJ-90/T-90 (Live Skyline) -- Yarding System 4

1 hour to rig down at previous location 96.58

4 hours to move yarding system 386.32

Logging truck for hauling yarder and loader--4 hours 73.52

Flag car 80.00

3 hours to rig up at new location 289.74

$926.16


