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ABSTRACT

An operational methodology for Renewable Natural Resources
(RNR) planning is formulated here, and its application is illustrated
in the context of the Lomas Problem.

Lomas are fog-related ecosystems

found along the Peruvian and Northern Chilean coastal deserts; these
ecosystems are undergoing a process of desertification because of over
grazing and deforestation.
The RNR planning problem is viewed as the design of a system
to manage the RNR of a region.

The methodology is developed within

the framework of A. W. Wymore's "Tricotyledon Theory of Systems
Design" (T3SD), and it is intended to be a link between the manifes
tations of the RNR problem and the elements of the T3SD problem for
mulation.

This methodology is geared towards the. design of large scale

socio-environmental systems by interdisciplinary teams.
ing elements of the RNR problem are identified:

The follow

the client; the

societal and environmental sectors involved; the client's objectives,
system mission, means for implementation, constraints, value system,
system testing, and acceptance criteria.

These elements are for

malized and then related to the T3SD problem formulation to show that
the methodology provides all the information necessary for a systems
design problem formulation.

Even if a T3SD formulation is not carried

out in a subsequent step, the methodology is useful for gathering,

x

xi
organizing,

and analyzing the facts about the problem, the means to

solve it, and the value system used to select the best solution.
Much of the problem formulation revolves around the client's
objectives which are used to generate the system's mission and'system's
performance evaluation variables.

System evaluation is viewed as a

multiattribute decision problem and the principles and techniques of
multiattribute decision making under certainty are introduced to for
mulate a value system that is more consistent with the preferences of
the client and other assessors.
two levels:

System evaluation is divided into

political and technical.

This frees the client from

tedious detailed technical decisions, which are left for the inter
disciplinary team.

The client is presented either with a small set

of high level evaluation variables for him to state his preferences,
or with a set of non-dominated solutions for final selection.
System design methodology is briefly discussed to put the
problem formulation methodology in proper perspective.

"Bottom-up"

approaches to design are proposed to take full advantage of the exten
sive problem formulations resulting from this methodology.

CHAPTER 1

INTRODUCTION

The principal objective of this dissertation is to formulate
an operational methodology for Renewable Natural Resources (RNR) plan
ning, in general, and for the solution of the Lomas Problem in partic
ular.

Lomas are fog-related ecosystems found in the Pacific Coast of

South America.
this chapter.

They will be discussed in greater detail later on in
The methodology is based on the Tricotyledon Theory of

Systems Design (Wymore, 1976), but incorporates tools, concepts, and
viewpoints from other approaches to systems engineering.

The main

motivation for this work resulted from an attempt to apply the Tricoty
ledon Theory of Systems Design (T3SD) to the Lomas Problem in Peru,
during the fall of 1977.

Antecedents
The Peru project is part of a larger Natural Resources Project
of the Office of Arid Lands Studies of The University of Arizona; a
project funded by a 211 (d) grant from the Agency for International
Development.

The goals of the Peru Project, as stated in the proposal

presented by the Peru Committee (1976, page 1) are:
(1) to design a specific system to manage the natural re
source development in a specific region of Peru; (2) to
provide an opportunity for University of Arizona faculty
members to develop competence in interdisciplinary team
activities within the context of natural resource develop
ment in an LDC; (3) to provide for the evaluation and
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validation of a methodology to assist LDC's in the develop
ment of natural resources.
This dissertation is the result of work towards the achievement of those
obj ectives.
As part of the activities of the Peru project, this author went
to Lima, Peru, from August 7 to October 15 of 1977 with the purpose of
delivering a course on systems analysis and design, and to assemble and
coordinate an interdisciplinary team (i-team) for the formulation of
the Lomas Problem using "Systems Engineering Methodology for Inter
disciplinary Teams" (Wymore, 1976).

A complete problem formulation was

not achieved in that short period; but a good deal of information on
the Lomas and the Lomas Problem was gathered, and, even more important,
the applicability of T3SD and SEMFIT (Systems Engineering for Inter
disciplinary Teams) to RNR planning in Latin America was field tested.
The most relevant aspects of this experience are discussed in Chapter 5.
One of the difficulties encountered in the above attempt at
problem formulation was that SEMFIT methodology is still very generalized
to be directly applicable to a problem as specific as the Lomas Problem.
There was great difficulty in trying to define an input/output specifi
cation for the Lomas Problem; the "roll up" procedure used to define the
merit orderings in earlier applications of SEMFIT did not seem appropri
ate for the Lomas case; there was not a clear connection between SEMFIT
elements and observable problem traits such as objectives, constraints,
and resources.

This experience showed the need for, and even suggested

some of the steps of, an operational methodology that would link the
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symptoms and manifestations of the problem with the elements of SEMFIT.
The development of such methodology is the purpose of this dissertation.

Organization of the Dissertation
This introductory chapter ends with a description of the Lomas
and the Lomas Problem, which follows in the next section.
a review of the literature.

Chapter 2 is

Since the aim is the development of a sys

tems methodology for RNR planning, it is necessary to review the litera
ture on RNR planning to find out if there is a need for such a method
ology, in the first place; and to verify the availability of tools for
the analysis of RNR problems.

On the other hand, it is also necessary

to review the numerous works on systems analysis and design in order to
have the building blocks to assemble the steps and procedures that will
constitute the operational methodology sought in this dissertation.

In

Chapter 3, the proposed methodology is formulated, and its elements
related to the elements of the generalized systems design problem de
fined in T3SD.

In Chapter 4, the methodology is applied to a hypotheti

cal Lomas Problem based on the current knowledge of the Lomas as
expressed in Chapter 1.

Finally, in Chapter 5 the major questions

raised in Chapters 3 and 4 are discussed, and recommendations are given
for subsequent steps in the Lomas Project.

Description of the Lomas and the Lomas Problem
The Peruvian Coast is a narrow strip of land, mostly desert,
3080 km long and varying width of less than 150 km.
natural formations are present in the coast:

Three types of

the first type are the
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alluvial valleys surrounding rivers that come from the Andes and cross
the coastal strip.

These are agriculturally rich valleys, where half

of the agricultural output of the country is produced.

Between the

alluvial valleys lies the second type of formation, the desert, with
its "pampas" or plains of which 20% have potential for irrigated agri
culture and the "cerros" or hills with no agricultural value in general.
The third type of formation of the coast is the "loma" which appears
in the coastal "cerros" and foothills of the Andes, on the slopes and
ravines that face the southern winds.
Ferreyra (1953) defines the Lomas as fog-related vegetation that
appears during the winter and spring and dies in the beginning of the
summer.

Lomas occur intermittently along the Peruvian and Northern

Chilean coast, between 8 and 30 degrees southern latitude.

Saito (1976)

summarizing various authors, cites 69 lomas in the Peruvian Coast.
These are divided geographically into:
lomas.

southern, central, and northern

Their total estimated area is (Tosi, 1960) 8174 square kilom

eters (approximately 0.64% of the country's area).

As a point of refer

ence the total agricultural land under irrigation in Peru is 7500 square
kilometers.

Current Ecological State of the Lomas
The Peruvian lomas are all, to different degrees, undergoing a
process of desertification.

This has moved concerned scientists, govern

ment and private people to seek a solution for the lomas.

It must be

kept in mind that desertification is not THE problem, but just a symptom
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of a more complex situation with social, economic, and perhaps cultural
and political implications.
observed:

The following signs of desertification are

reduction and partial extinction of fauna and flora; advance

of the desert at the expense of the lomas; reduction in the water input
to the ecosystem, evidenced by the exhaustion of many natural wells
("puquiales").

These signs are well documented in the literature.

Saito (1976), Brack, Aguilar, and Arrarte (1974a), among others, report
the extinction of several animal and vegetal species.

Saito (1976)

also reports the reduction of precipitation and the exhaustion of nat
ural wells at "Lachay".
The extent of desertification seems to be more critical in the
central lomas but an up-to-date evaluation of the ecological state of
all the lomas in Peru is not available.

According to Nolte (1977, per

sonal communication), lomas used for goat grazing, i.e., those between
the departments of Ancash and Arequipa, are in a rather advanced state
of degradation.

Desertification is less advanced in the northern and

southern lomas.

Causes of the Desertification of the Lomas
There seems to be a general consensus for blaming the deser
tification on deforestation and overgrazing by goats.

There is a third

factor, major climatic changes, that may be coadjuvating the desertifi
cation process.

Although this should be looked into more deeply later

on, it does not seem to be a major agent in the process.

Some lomas

without the heavy human and livestock pressure do significantly better
in today's climate.

This can be dramatically appreciated at "Lachay",
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where AOO has. under direct government control are fenced from live
stock and the shepherds.

Outside the fence the ground is almost bare;

whereas green and healthy vegetation thrives on the inside of the
fence.

For the moment, then, climatic effects will be disregarded and

the land abuse aspects will be emphasized.
The deforestation of the lomas started in colonial times, in
the 17th century.

There is evidence (Engel, 1970; Saito, 1976) that

real forests existed in the lomas in early pre-Columbian times.

But

population growth in the coast and the presence of the shepherds has
caused the systematic elimination of the arboreous vegetation for mul
tiple uses:

timber, railroad ties, and firewood.

Today, the few trees

that are left are the source of firewood for the lomeros during the
grazing season, and apparently for some people who live in small towns
as far as 30 km from the lomas.

Another enemy of the regeneration of

the trees is the goat grazing, which destroys seedlings and saplings.
The most damaging cause of desertification in the lomas is
overgrazing, especially by goats.

It is not the goats per se that

damage the loma; it is the poor management (particularly, high density
and lack of control) that causes the complete devastation of the vege
tation every year.

The immediate effects of caprine overgrazing are:

compactation of the soil, consumption of the vegetation before plants
get a chance to produce seed (this systematically reduces the variety
and number of plants that appear every year) destruction of the seed
lings and saplings, eliminating in this way the possibilities for tree
regeneration.
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There seem to be numerous causes for the problem of overgrazing.
One of them is that most of the lomas are leased to shepherds by the
head of livestock (at approximately $1 per goat per season).

So, the

more animals, the more money the owner will receive.

Most of the lomas

are administered with this purely economic approach.

Another problem

is the lack of cooperation between the groups that own a loma.

In the

case of "Lachay", for example, three "comunidades" take turns in their
right to use the loma, and unless there is a collective agreement to
reduce overgrazing, no individual group will take the initiative of its
own.

Another problem of the lomas is the lack of adequate infrastruc

ture for the control of the animals, such as fences and corrals; and
whoever owns the loma may not be willing to incur the expense of fur
nishing this infrastructure because it may be economically unfeasible
(of course, this must be evaluated as part of the systems design proc
ess).

Another reason for the poor management of the lomas is the lack

of awareness by the owners and the users of the importance of preserving
the resource, and of the damaging effects of uncontrolled grazing.
The fact that there is overgrazing on the lomas can be observed
with the naked eye; however, there are not data easily available on the
actual livestock load on the lomas.

Such information seems to have been

collected for the lomas near Lima by the socioeconomic group of the
research team of "CIZA" (Centro de Investigationes de Zonas Aridas).
Unfortunately, this information was not available when they were con
tacted in mid-77.

Saito (1976) demonstrates that there was a load

between 1.6 and 2.5 goats per ha. at Lachay.

He also reports that,
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according to range management experts, the recommended load for Lachay
is between 0.2 and 0.3 goats per ha. per season.

Climate of the Lomas
The climate of the Peruvian Coast is extremely arid, with an
average total yearly precipitation below 50 mm, and with frequent occur
rence of advective fogs during the winter months.

A good account of

the meteorological, orographic, and oceanographic conditions that cause
the climate of this coast can be found in Saito (1976).
Fog is an air suspension of microscopic water droplets which
adhere to solid surfaces as they come in contact with obstacles.

Due

to the high humidity of the air, very little water evaporates back into
the atmosphere.

In this manner, additional water is captured from fog,

making possible the growth of vegetation.

Lomas occur along the coast

in the slopes and ravines of the hills facing the southern winds where
additional water is captured from the fog by trees, rocks, shrubs, and
grass.

Water deposition from fog is the "secret" of the lomas because

the normal precipitation in the area can only support xerofitae plants
as can be observed on the northern side of the hills, where no fog
deposition occurs.

Vegetation of the Lomas
Several floristic studies have been conducted for the lomas.
Pulgar-Vidal (1967) cites the most outstanding species as follows:
herbs:

Amancay (Hymenocallis amancaes), Papita de San Juan (Begonia

gorenifolia), Tomate silvestre (Solanum sp.), Azucena del Inca
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(Alstroemeria pelegrina), Nolana (Nolana sp.), and Valeriana (Valeriana
).

Shrubs:

Heliotropo (Heliotropium peruvianum).

Trees:

Mito

(Carica candicans), Tara (Caesalpina tinctoria), Huarango (Acacia macrachanta).

The above mentioned are native plants of the lomas.

Several

other non-native trees have been tested in the lomas, among the most
successful are Eucalyptus (several varieties), Casuarina equisetofolia,
and Australian Oak.
The vegetation of the lomas varies with altitude in accordance
with the availability of water.

Lomas occur between 200 and 1000 meters

above sea level; the vegetation is more dense and rich between 400 and
700 meters, a range of altitude where fog is present most often.

It is

in this range where shrubs and trees are more frequent and the herba
ceous vegetation may reach 30 cm tall.

The vegetation of the lomas consists of annual and perennial
plants.

The former, mostly grasses and shrubs appear every winter,

when the humidity is high.

These plants have shallow root systems and

die at the end of the winter when the upper layers of soil dry up.

The

perennial plants (trees and some shrubs) take their water from deeper
soil.

This allows them to survive through the dry summer, provided

there has been good ground-water recharge.
Vegetation, especially trees, play a key role in the lomas
ecosystem:

water collection.

Fog deposition on bare sand is minimum,

higher in grass, even higher in trees.

The following table from Vida

Agricola (Vol. 12, 254, 1945) illustrates the role of trees as water
collection agents.

For two consecutive years pluviometric readings
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were made (1) in the desert area; (2) open field close to the trees;
(3) exactly under a casuarina tree; and (4) exactly under a Eucalyptus
tree (Table 1.1).

It can be seen that trees may collect around four

times the conventional precipitation in the loma.

Notice also that the

yearly precipitation in the loma is far above the average for the Peruvi
an Coast.

Because of their position and orientation, the lomas get more

"garua" (fine drizzle) than the rest of the desert.

Table 1.1.

Yearly Precipitation in Open Field and Under the
Trees at "Lomas de Lachay" (millimeters).

Year

Pluv. #1

Pluv. #2

Pluv. #3

Pluv. #4

1942

219.04

260.28

978.80

855.50

1943

161.85

172.26

954.41

813.51

Fauna of the Lomas
The fauna of the lomas is in a rather poor state.

Many species

have disappeared because of extensive hunting and degradation of their
habitat.

Brack, Aguilar, and Arrarte (1974b) survey the vertebrates of

the lomas and cites 24 species pf small mammals, 71 species of birds,
18 reptiles, and one species of amphibian.

There are also 96 families

of anthropodae (Aguilar, 1964).
The fauna of the lomas has its importance mostly from the
scientific and recreational standpoint.

However, there are also indi

rect economic implications to consider; for example, the effects of
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certain insect species upon nearby cultivated land must be studied lest
the loma become breeding ground for some undesirable plague.

Soils of the Lomas
Very little has been done as far as specific soils studies of
the lomas, except at "Lachay11, which has been studied by Quevedo (1966),
and by Tinoco (1969).

There are also general reports about the coastal

soils of Peru (ONERN, 1963; Zamora, 1975).

Use of the Lomas

Most of the lomas are used today for grazing, although other
activities have taken place in earlier times.

In pre-Columbian times

some lomas sustained subsistence agriculture on a small scale.

Evidence

of this early activity are the ruins of terraces that still remain in
some lomas such as in "Lachay".

Since last century, there has been a

permanent concern with the utilization of the lomas; there have been
attempts at using the lomas for agriculture, fruit plantations forestry,
and tourism.
In the decade of 1930—1940,

several experimental crops were

planted and tested in "Lomas de Lachay" by the "Direccion de Agricultura Ganaderia y Colonizacion" of the Ministry of Agriculture.
lowing crops were tested using "Dry Farming"

The fol

techniques (Maish, 1937):

rye, wheat, oats, barley, corn, castor oil plant, potatoes, mustard,
chrysanthemum, vegetables, and the following pastures:
alfalfa, sunflower, and soy.
these experiments varied.

bromus, clover,

According to Maish (1937), results of

Rye, wheat, and oats had fair results; barley
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and corn performed poorly—the crop was good for fodder only; castor
oil plant performed well, and so did potatoes, depending on the variety.
Some pastures:
did poorly.
mon.

bromus, clover, and sunflower performed well; alfalfa

Because of high humidity, the incidence of fungi was com

Plantations of rye, wheat, and beans were attacked by various

kinds of fungi.

Pastures and vegetables seemed to perform better and

showed more resistence to disease.
The overall results of these experiments are by no means impres
sive.

The crops project must have been abandoned some time around 1940

because nothing else was heard or written on the subject thereafter.
It is reported in Vida Agricola (June, 1936) that "results of the cereal
crop experiments have not been encouraging".
During the same period (1930-1940), A. Wagner and others planted
an orchard in "Lomas de Atocongo".

After five years it was reported

in Vida Agricola (June, 1936) that there were about 1000 trees planted
and in good condition.

These experiments must have been also abandoned

some time later because no reports or any signs of agricultural activity
in "Atocongo" exist today.

It would seem from these failed attempts

that the agricultural potential of the lomas is not good enough even
to justify a medium scale operation.
The experimental crops program of the "Direccion de Agricultura
Ganaderia y Colonizacion" also included experiments on reforestation.
These experiments had the most positive results in the whole program,
and they led to the decree for the reforestation of "Lomas de Lachay".
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The reforestation experiments were started in 1932 and were conducted
by Mr. Hans Roessl of the Agricultural Experiment Station of "La Molina".
More than 40 species were tested, of which 20 showed some po
tential (Vida Agricola, June, 1936).

Of these, Casuarina and two vari

eties of Eucalyptus showed the best overall performance in terms of
growth and adaptation to the lomas' conditions.

The encouraging results

of these experiments led to the promulgation of a law in April of 1940
for the reforestation of "Lomas de Lachay".

Most of the Eucalyptus and

Casuarinas planted then can still be seen today at "Lachay".
Except for those areas with abundant groundwater, most of the
trees are rather thin and short in comparison with trees planted in
optimal conditions.

Because of the fog, there is not enough sunlight

when there is water; and there is plenty of sunlight during the dry
season but no water.

These peculiar climatic conditions make the de

velopment of the trees rather slow.
A part of "Lomas de Lachay" (5070 has.) has been declared
national preserve, and a national park is being implemented to provide
recreation for the nearby population of Lima and surroundings.

The

preserve of "Lachay" also provides an area for experimentation and in
general seeks the improvement of the area.

The goals of the national

preserve are, according to Saito (1976), the following:

(1) to pre

serve the native fauna and flora; (2) to provide controlled tourism
and recreation; and (3), in the long run, to plan for the rational use
of the natural resources of the preserve.
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The above mentioned attempts to use the lomas are relevant
because they point to possible alternatives that must be explored more
deeply in the search for the optimum system for the management of the
renewable natural resources (RNR) of the lomas.

It may be necessary

to perform again some of the experiments today, using stricter controls
and improved technology.

As a matter of fact, the "Centro de Investi-

gaciones de Zonas Aridas" (CIZA) is planning to carry out some crop
experiments in the near future.
Grazing has been the most predominant use of the lomas since
colonial times.

Most lomas are used today for seasonal grazing of

goats, cattle, and sheep, during the winter months, which coincide with
the dry season in the higher mountains.

The grazing aspect of the lomas

problem is treated in more detail in a later section.

Ownership of the Lomas
Three forms of land control exist for the lomas:
government, and communal property.

private, local

The last form of ownership occurs

when the loma belongs to "comunidades indigenas" or "comunidades
campesinas" which are like peasant cooperatives or associations of
families that communally own the land.

For more details about the

"comunidades" see for example Bonilla-Mayta (1965, pp 265 and ff).
"Lomas de Lachay" is owned by the "comunidades campesinas" of Sayan,
Huacho, and Huaral, with 5070 has. of state property of which 400 has.
are being administered by the "Division Forestal y de Fauna" of the
Ministry of Agriculture.

"Lomas de Iguanil" is owned by the "Comunidad
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Campesina Lomera de Huaral", a group of 130 families who live in Huaral,
an agricultural town of 27,000 people.

The Grazing Situation in the Lomas
Seasonal grazing is almost the only use given to the lomas today,
and apparently the main cause of their desertification.

The lomas are

grazed mainly by goats, followed in importance by cattle and sheep.
Saito (1976, p. 130) reports that 10,000 goats and around 1,800 cattle
per year graze in the 5,070 has. that are to be the national reserve of
Lachay.

According to Nolte (1977, personal communication) goat grazing

in the lomas occurs between the departments of Anchash and Arequipa,
i.e., between 9 and 16 degrees south.

He estimates 70% caprine, 20%

sheep, and 10% cattle grazing in these lomas.

Lomas south of 16 degrees

latitude are grazed by cattle and sheep only, and are less degraded than
the central lomas.

Uncontrolled and extensive goat grazing is one of

the main culprits in the degradation of the lomas.

This is not only a

problem of range management, but has socioeconomic and even political
implications too.
According to Nolte and Arauzo (1973), there are three types
of goat shepherds:
shepherd.

permanent nomad, temporary nomad, and sedentary

The ones that use the lomas are the temporary nomad shep

herds, also called "lomeros".

They live in the small towns of the

western slopes of the Andes, where they keep their livestock from Nov
ember to June.

In the winter months, when the dry season comes to the

"sierra" and pastures become scarce, the shepherds migrate down to the
lomas to feed their animals on the winter vegetation.

According to

Vallejos (1977, personal communication) the migration takes about three
days; but the distances vary for the different towns.

Usually, each

"lomero" comes to the same section of the same loma every year.

The

"lomero" comes with most of his family, to live at the loma itself in
improvised tents and in the most primitive conditions.

They collect

firewood from the few remaining trees, and water is a very scarce ele
ment because there are few natural wells.

In some lomas the wells have

dried because of the desertification and many "lomeros" have to buy
water for human and animal consumption from tanker trucks.

The 1976

price for a six cubic meter tank load was 800 Soles (around $10.00).
As a result of the living conditions and the scarcity of water, the hygenic conditions are very poor.

This affects the "lomeros" and their

products (mainly cheese), which are sold in the coastal cities creating
at times health problems such as gastroenteritis and other intestinal
diseases.
The "lomeros" produce milk, cheese, and baby goats, which they
sell to middlemen who in turn sell the lomeros all the supplies they
need.

According to Vise (1977, personal communication) this system is

rather unfavorable to the lomeros because, being the only marketing
channel available, the middlemen set the prices for their supplies and
the lomeros' products.

Nolte and Arauzo (1973) also point out the

desire of the lomeros for a better marketing system.
The lomeros have had the same grazing practices for generations
that is, their ancestors for several generations have also been lomeros
and the yearly migration and the winter stay at the lomas is pretty
much imbedded in their traditions and way of life.

On the other hand,
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especially among those lomero groups that have more contact with large
cities a change in attitudes seems to be taking place.

Some of them

no longer want to be lomeros; many of their children end up in other
activities unrelated to shepherding.

This point deserves special atten

tion and deeper study since it may indicate a change in the lomero's
future and hence the future of the lomas.
This concludes a description of the Lomas and their current
situation.

It will be the basis for a problem formulation to be done

in Chapter 4.

In the search for a methodological basis for such formu

lation, the state of the art in RNR management and in system design
methodologies will be explored in the next chapter.

CHAPTER 2

REVIEW OF LITERATURE

The purpose of this chapter is to explore the state of the art
in renewable natural resources management (RNR) and systems design
methodologies.

The first review seeks to verify the need for a systems

approach to RNR management, and to assess the state of the art in the
application of modeling and other systems tools in the field of RNR.
This review does not pretend to be exhaustive; actually it is just a
glimpse of the field in the two aspects mentioned.

Review of Renewable Natural Resources Management
An opportune question at this point is:
resources?.

What are natural

"Natural resources may be defined as the natural conditions

and raw materials in the environment, that are or may be of use to man"
(ONERN, 1974; Isard et al., 1972, p. 50).

These include minerals, water,

vegetation, wildlife, etc.; perhaps the concept may even be extended to
include some man-made elements such as archaeological relics.

Renew

able natural resources (RNR) are those natural resources that are in
"constant flow within a large closed system which is the global eco
system" (ONERN, 1974), and these include air, soil, water, vegetation,
and wildlife.

Agricultural crops are not considered a RNR, rather a

way to exploit the RNR such as soil, water solar, radiation, etc.
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Since the main concern here is RNR, the reference to natural resources
means renewable resources unless otherwise specified.
The problem of RNR management planning is to define and select
the most appropriate systems to exploit such resources.

However, the

criteria for their selection must come from a complex group of special
ists and decision makers (DM).

It is the aim here to sketch a method

ology to integrate all these judgments into a unified procedure for
systems design in RNR planning.
RNR management planning is a complex, multidisciplinary issue.
However, there does not seem to be such a thing as "Natural Resources
Management" per se.

Instead, the different aspects of RNR management

are fragmented into several overlapping disciplines:

forest, range,

water resources, wildlife, and ecological management.

It seems that

these disciplines have grown rather independently to satisfy the imme
diate needs of their users and without a global view of the RNR man
agement problem.
Although the general definitions of these disciplines speak of
optimizing the returns of their respective area (forest, range, water
shed, etc.) for human or society's benefit (Stoddart, Smith, and Box,
1975; Sharpe, Hendee, and Allen, 1976, p. 187), which is a rather gen
eralized view, they seem to concentrate on the technology to accomplish
these tasks, and very little on the planning aspect of RNR management
as a whole.

There has been considerable use of what may be called

"systems techniques" including tools such as cost/effectiveness, multiobjective optimization and other operations research and management
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science (OR/MS) models; particularly in watershed management, which
perhaps, due to the multiple uses of water, is the RNR field with the
most systematic approach.
In recent years there has been an increasing demand for an
integrated and multidisciplinary approach to RNR management.

Several

authors call for it from different viewpoints and within varied con
texts; see for example Hollings and Clark (1975, p. 251); Ovington
(1975, p. 246); Clark (1977, p. 53); Murdoch (1971, pp. 16-17), Gates
(1972); Corti (1970).

Hollings and Clark (1975, pp. 250-251) are quite

specific when they call for the introduction of "systems analysis tech
niques, and decision theory into a 'new science of ecological engi
neering'".

This trend towards integration may be due in part to the

unifying role played by ecology and the growing concern with the con
servation of natural resources.

Furthermore, in developing countries

the sacrifice implied by RNR conservation is relatively higher because
it affects the very survival capabilities of some human groups; and
i:or the same reasons the consequences of RNR exhaustion can be of cat
astrophic proportions.

Consequently the interaction of social, eco

nomic, political, and ecological issues is more intense and immediate
in these countries, making more urgent the careful consideration of all
the multidisciplinary aspects of RNR management planning.
The introduction of systems concepts, techniques, and finally
an integrated multidisciplinary approach to RNR management has been
a gradual process which has not yet achieved its maturity.

It started

with the development and use of simulation models in ecology and other
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RNR fields; then came the use of optimization models for certain specif
ic problems in each area.

Finally, ecologic considerations are being

introduced in regional planning (Isard et al., 1972; Hufschmidt, 1969).
Cases of system simulation in ecology and RNR fields are numerous in
the literature.

At first these models were intended to describe and

predict the response of the ecosystem or parts of it to external stim
uli.

In some instances these models have been used as aids for manage

ment, but always within the confines of each discipline.

A good summary

of modeling in ecology can be found in Patten (1971) and Hall and Day
(1977).
Although ecosystem modeling has made a valuable contribution to
the understanding of ecosystems and natural resources, ecosystems
models in general have not been very useful as management tools.
Seligman (1976) questions the contribution of complex grazing models
to optimize the management of range resources; however, he recognizes
that ecosystem modeling is a relatively young field and that its prac
tical contributions will become more significant as the field evolves.
There have been in recent years some attempts at integrated
RNR planning using what could be called "systems tools".

Duerr (1975)

has taken an integrated view of forestry, that is, the management of
all values in the forest from scenery to wood, and its interaction
with society.

He encourages and illustrates the use of modern quanti

tative methods (optimization, simulation, multiattribute decision
making models, etc.) in forest resource management decisions, and pre
sents a number of cases where some of these techniques are applied.
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A particularly interesting case is the evaluation of development alter
natives on the Point Reyes National Seashore (Duerr, 1975, Chap. 45).
Here a set of performance criteria and merit weights are defined and
each alternative system is subjectively scored on each criterion.

The

alternatives with their multiattribute evaluation scores are passed on
to a higher decision body for final selection.

No attempt is made to

formalize the multiattribute choice process.
Isard et al. (1972) introduce some economic and regional anal
ysis tools to include ecologic aspects in regional planning.
considered are:

The tools

input/output analysis, comparative cost analysis,

gravity models, and activity complex analysis.

Of special importance

is the "general interrelations table" which is a modification of the
input/output matrix and includes both economic and ecologic activities
This table permits the analysis of direct and indirect

and commodities.

impacts of proposed major developments upon the ecology and the economy
of the region.

The authors also illustrate how the other techniques

can be used taking into account the ecological aspects of regional plan
ning.
Isard's approach constitutes a useful tool for RNR management
planning.

However, it has a few drawbacks:

first, the assumption of

linearity in the i/o model is a rather restrictive one; second, the
approach lacks an effective way to channel formally into the decision
process the objectives and preferences of the client (community and/or
planning agency).

Nonetheless, these methods can be very useful in the

RNR planning process as tools for the assessment of alternatives.
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Another interesting attempt at ecologic-economic planning is
the work of Boynton, Hawkins, and Gray (1977).

They use an ecologic/

economic model for regional planning at Franklin County and Apalachicola bay in Florida.

The modeling methodology used is based on works

by Odum (1971, 1973, 1974) whose main feature is the use of Forrester's
models to simulate the energy exchanges among the various components of
the ecology and the economy of the region.

Energy is perhaps the most

universal currency to measure interactions of man/nature systems.
Boynton et al. (1977) use their model to predict the effects that changes
in the forcing functions (e.g., capital investment flow, intermittent
shut-down of oyster harvesting, reduced river flow) will have upon the
ecology and the economy of Franklin County; these predictions may then
be used as a basis for planning.

The model is aimed at determining the

best mix of fisheries and development of tourist, retirement, shipping,
and cattle industries.

At the present stage no actual decisions seem

to have been based on the model results.
Odum's "Energy Cost-Benefit" methodology (Odum, 1974, 1977)
provides a powerful tool to evaluate alternatives taking into account
economic and ecologic factors.

An illustration of its application

is in Kemp et al. (1977), were two cooling systems for power plants in
Crystal River, Florida, were compared:
open system using coastal water.

(a) a closed system; (b) an

It is found that taking into account

ecologic and economic costs, the open system is a better alternative,
even though it apparently has a higher ecologic cost.

The only system

performance criterion in this methodology is to maximize energy use.
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This criterion is based on Lotka's "Maximum Power Principle" which states
that "the system that survives against the forces of natural selection is
that one that maximizes the use of available energies in work processes"
(Kemp et al., 1977, p. 520).
Odum's methodology consists in building a complex, deterministic,
dynamic model of the region which is then used to test the viability of
various alternatives (as it was done in Boynton et al., 1977), and fur
ther on to optimize according to Lotka's principle.

However, the me

thodological structure of the design process itself is left rather
loose, almost nonexistent.

The same applies to Isard's approach, with

the difference that his i/o methodology is more static and assumes
linearity.

Actually, these two approaches are to be considered more as

sophisticated tools for analysis rather than well structured methodol
ogies.
Finally, there is still another potential approach to planning
of RNR, quite different from the ones considered so far in its methods,
state of development, and philosophy:

Ecodevelopment.

It is particu

larly geared towards natural resource management in developing countries.
It seeks to consider simultaneously the social, economic, and ecologic
aspects of development.
The term "ecodevelopment" was coined, and the idea of interac
tion between ecology and development arose in the early seventies as a
result of the concern generated by the United Nations conference on the
environment, held in Stockholm in July, 1972 (Hurtubia et al., 1976).
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The main objective of ecodevelopment may be stated as:

"the

use of resources to satisfy the needs of the population, assuring an
improvement in the quality of life of present and future generations"
(Hurtubia et al., 1976, p. 19).
the following subobjectives.

This objective may be decomposed into

(1) Maximize the long term functional

efficiency (energy flow, productivity, cycling) of all ecosystems in
volved taking into account the sociocultural aspects of the populations
involved; (2) provide the channels for the participation of the local
population in the decision processes of issues that directly affect
them; (3) establish an environmentally sound technology that maintains
or increases ecosystem productivity and uses efficiently the work force
of the local population.
These subobjectives describe the main features of ecodevelopment
which can be summarized as follows (Pozas, 1976):

(1) rational use of

resources; (2) use of appropriate technology, maximizing use of avail
able workforce; (3) production geared towards satisfaction of needs of
the majority of the population; and (4) democratic organization of the
production activities based on mutual cooperation among the population.
Ecodevelopment is still in the philosophical and perhaps the
political stage.

Much is said about it but few results, methodological

or practical, have been produced so far.

Nevertheless, the basic prin

ciples of ecodevelopment, particularly those of balanced growth of the
community and the ecosystem, and efficient utilization of available
human and natural resources seem to constitute a sound philosophical
basis for natural resource planning in developing coutries.
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In summary, RNR management planning is moving

in the right

direction adopting an integrated view of the problem and its interac
tion with society and nature.

However, except for a few pioneering

works in the incorporation of ecologic concepts and models in RNR plan
ning and the introduction of modern quantitative techniques to some
fields of RNR, there is not yet a well organized methodology of inte
grated RNR planning.

The development of ecosystem models is proceeding

at an accelerated pace in all fields of RNR management.

These models

will constitute the building blocks for integrated RNR planning.

The

design of large-scale, complex, man-machine systems requires or at
least benefits greatly of the use of models; so the application of the
systems approach to RNR management will benefit from the existing eco
system modeling technology.

On the other hand, attempts are being made

to define a framework for planning using sophisticated tools of OR/MS
and system design methodologies.

The present work intends to contribute

in that direction, proposing a methodology based on T3SD that will
organize the planning effort by interdisciplinary teams and provide
guidelines for the use of models.

Review of System Design Methodologies
It could be said that the genesis of systems engineering
methodology can be traced to engineering design, the steps of which
have been expanded and detailed as the size and complexity of the
systems increased.

One of the best works on engineering design (Asi-

mow, 1962) is now reviewed to set the pattern of systems methodology;
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then several systems engineering methodologies will be reviewed.

In

order to have a common frame of reference, the stages in the life of
a system are defined here as:

need, systems planning, systems design,

implementation, testing, operation, and retirement.

In the present

work the emphasis is put mostly on systems planning and design.
Asimow (1962) studies the general design process from the view
point of the engineering of consumer goods and hardware systems.

The

morphology of the design process can be divided into seven stages:
feasibility study, preliminary design, detailed design, planning for
production, planning for distribution, planning for consumption, and
planning for retirement.
The feasibility study consists of a series of activities that
constitute the essence of systems planning.

Asimow divides this stage

into six steps, starting with "needs analysis", where the economic
existence of the need that triggered the study is verified.

By eco

nomic existence is meant the existence of persons or agencies that
recognize the need and who are willing to pay for its satisfaction.
This idea corresponds in part to the concept of "client" in T3SD.

The

output of this step is a statement of need, that is a set of specifica
tions of the desired system outputs to satisfy the need.
The second step is problem identification and formulation.
Here Asimow stresses very strongly an important principle of systems
planning, which is the dissociation of the problem formulation from
the possible solutions.

Problem formulation is carried out through an

28
"activity analysis" whose objective is to establish the boundaries and
boundary conditions that apply to the system.

The input for this step

is the statement of need and the procedure may be outlined as follows:
(a) derive the desired outputs from the needs statement; (b) derive undesired outputs from i/o relationships and system operation; (c) derive
inputs from the outputs (inputs can be physical, human, informational,
economic, environmental); (d) determine the constraints that apply to
inputs and outputs; (e) determine other non i/o constraints; (f) define
measuring units for inputs and outputs; and (g) define criteria to
judge system goodness.
The remaining step of the feasibility stage is the synthesis of
possible solutions and evaluation of these solutions in terms of (a)
physical realizability; (b) economic worthwhileness; and (c) financial
feasibility.

The output of the feasibility study consists of a state

ment of the validity of the need, the problem definition, and the fea
sibility of solutions to the problem in general.
In the preliminary design stage the solutions proposed in the
prior stage are analyzed in more detail in order to determine the best
design concept.
three:

The selected alternative is further refined in stage

"detailed design", where the engineering specifications of a

tested and producible design are generated.

The remaining stages are

not reviewed here because they are not directly related to large scale
system planning and design.
Although it is oriented to mass-produced hardware systems,
Asimow's morphology of the design process outlines the main aspects of
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systems planning and design.

In the context of large scale systems,

the importance of some of the steps will vary but the elements of the
design problem remain basically unchanged.

A rather popular systems engineering tool is Cost-effectiveness
Analysis (CE).

It is a methodology for systems evaluation whose main

characteristics are (English, 1968):

it addresses system evaluation

on a life cycle basis; it is applicable to choose among mutually exclu
sive alternatives; takes into account risk and uncertainty; addresses
the problem of multivalued worth of systems.
The methodology was originated within the context of military
systems, but it has been also used in civilian applications.

Some

examples of these applications in water resources are to be found in Ko
and Duckstein (1972), and Chaensaithong, Duckstein, and Kisiel (1974).
Throughout its existence, the applications of CE methodology have been
approached in a variety of ways, giving the impression of different
forms of the methodology. Kazanowski (1968) in his "Standardized Ap
proach to Cost-effectiveness Evaluations" has put it within the context
of systems design, formulating a 10 step approach as follows:

(1) de

fine the goals, missions, or purposes that the system must meet or ful
fill; (2) identify the mission requirements essential for the attain
ment of the goals; (3) develop alternative system concepts for accom
plishing the mission; (4) establish system evaluation criteria that
relate system capabilities to mission requirements; (5) select the
fixed cost or the fixed effectiveness approach; (6) determine the capa
bilities of alternative systems in terms of evaluation criteria;

(7) generate systems versus criteria array; (8) analyze merits of al
ternative systems; (9) perform sensitivity analysis; and (10) document
rationale, assumptions, and analyses underlying the previous nine steps.
Examining these ten steps in the context of the works being
reviewed here, it can be appreciated that Kazanowsky's approach spells
out a procedure for systems planning and design.

The use of systems

objectives to state the system mission and performance criteria is a
particularly attractive feature that will be exploited in this disserta
tion.
One of the earliest attempts to put together a methodology and
tools of systems engineering is Goode and Machol's

System Engineering

(1957), where they describe the systems engineering process in six
stages as follows.

The first stage is initiation; it is the stage of

fact gathering; its output consists of a statement of the problem, a
suggested set of solutions, systems team required, and cost and time
estimates.

The second stage is organization.

Here the system team is

formed and trained, the total project is planned, and the selection of
the preferred solution begins.

The third stage is preliminary design.

The objective here is to achieve a first version of the system where
its configuration and main characteristics are determined.

The output

is the set of functional specifications which describe the overall sys
tem operation and defines each subsystem describing their inputs, out
puts, functioning, constraints (size, weight, etc.), and suggesting at
least one way of physically realizing their proposed function.

The
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fourth stage is principal design, where the previous specifications
are refined in full detail.

The output of this phase is the design

specifications which are used in the fifth stage:
tion".

"prototype construc

The sixth phase is test training and evaluation.

In addition

to this sequence of phases, Goode and Machol also distinguish two as
pects in the systems engineering process.

These are the interior and

the exterior system designs; and they are developed simultaneously
throughout the six phases.
The exterior system design is concerned with the statement of
the design problem, and it includes the description of the system's
environment, the viewpoint of the design problem, the set of permis
sible solutions, and measures of effectiveness.

These roughly corre

spond to the T3SD concepts of input/output specification, client, tech
nology, and merit orderings, respectively.
The interior system design has to do with the actual synthesis
of a solution and it has three aspects:

the single thread design,

which is the way the system operates on each one of the possible inputs,
individually; high traffic design, concerned with how the system handles
many inputs simultaneously; and competitive design, concerned with the
system's strategies of survival in a competitive environment.

(This

last aspect is critically important in weapon systems, for example,
but it is also applicable to non-military systems in government, busi
ness, and industry.)
Goode and Machol also present some of the tools necessary in
the system engineering process, including probability, optimization,
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simulation, etc.

This work sheds a lot of light into the engineering

process of complex large-scale systems, and their pioneering contribu
tion has long been recognized.

However, their treatment lacks depth

in the systems planning stage (phase 2), a deficiency that is later
filled by Hall (1962, 1969) and others (Hill and Warfield, 1972;
Wymore, 1976).
Another important milestone in the evolution of systems engi
neering methodology is Hall's
(1962).

Methodology for Systems Engineering

Hall considers the system's engineering process within the

context of a firm developing a program of projects to be sold to cus
tomers which can be the government, society, or some agency; a view
that widens the original perspective used in Goode and Machol.

Some

typical systems in this class are weapons and communications systems,
but the methodology does not restrict itself to just this class of sys
tems.
In Hall's methodology the system engineering process is divided
into five phases as follows.
1.

Systems studies (program planning).

In this phase a program

consisting of several projects is planned.

The aim is to assist

management in the definition of the total program of work; and
to create an extensive background of information on which to
base the planning of specific projects.
2.

Exploratory planning (project planning I).
is focused on a specific project or need.
following functions:

Here the interest
It includes the

problem definition; selection of
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objectives; system synthesis, where alternative systems are
generated; systems analysis, where cost and performance of
alternative systems is evaluated; selection of the best system;
communication of results.
3.

Development planning (project planning II).

Starts after a

system (project) has been selected, it is the planning of action
for the implementation of the system.
4.

Studies during development (action phase I).

The system's

engineering role during development is to support the develop
ment team and to provide more detailed system requirements.
Modifications of the objectives and specifications are nego
tiated here in the light of detailed development information.
5.

Current engineering (action phase II) is the follow-up of the
system once development ends.

The objective is to gather in

formation on actual system performance to improve future de
signs.

Hall concentrates on phase 2 which is the actual system planning
and design phase.

He studies in detail each step giving particular

emphasis to problem definition and system selection.

He considers all

the aspects of these steps based on his own experience in the develop
ment of communication systems, and presents some of the tools available
to accomplish each step.

System synthesis and analysis are discussed

entirely within the communications context.
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The problem definition step is decomposed into needs research
and environmental research.

The needs research is concerned with deter

mining what kind of a system is needed.

It is presented from the view

point of a firm that produces some kind of goods or services for sale
to customers—a somewhat limited view.

Environmental research is a sur

vey of the environmental factors that will affect the system design,
implementation, and operation.
components:

The environment is divided into three

physical/technical, business/economic, and social.

The

resources available and the constraints in each environment are also
considered.

Some constraints are, for example, technological state of

the art, natural constraints, organizational structure, government regu
lations, social factors.
A good portion of the book is devoted to decision making which
is the basis for the definition of the value system.

The basic ele

ments of decision making and the definition of the value system are con
sidered, including the definition of performance criteria, the role of
probabilities, scales of measurement, the concepts of value, value
functions, multiobjectives, discount factors, and utility theory, al
though only general considerations are given.

The progress of decision

making tools has been considerable since the appearance of Hall's book
(1962).

The subject of multiobjective decision making will be addressed

later in this dissertation.
Hall's work was one of the first ones to study in a complete
unit all the aspects of system design.

Even after 16 years it is still

a must in the systems engineering reading list.

Except for Wymore
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(1976), it is the only work that attempts to structure the systems
engineering process.

Hall's view of this structure was later rear

ranged, extended, and put in a matrix format as illustrated in Fig. 2.1
(Hall, 1969).

Steps of the
Structure
^vUipic
Phases of
the Conrse
Structure
1
2
3

1
Problem
tlef i ni t ion

2
Value
System
Hesi gn
(develop
object ives
5 criterion

n ii

a I2

Xw

Program Planning
Project Planning
(nmt preliminary
desi pn)
System Hevelopmcnt (implement
project plnn)

3
Systems
Synthesi s
(col 1ect
5 invent
a 11 erna•
t ives)

4
S
Systems
Optimiza
Analysis
tion of en
(deduce con A1ternat ive
sequences
(itcrat ion
of alter
of steps
natives)
1-4 plus
mode]ing

6
Decision
Making
(npjiH cat ion
of value
system

7
Planning
for Action
(to i mp1ement next
phase)

°}f,

"21
"37

4

Production
(or construction)

5

Distribution
(and phase in)

6

Operations
(or consumption) "61

7

Retirement
(and phase out)

a 44

"71

Fig. 2.1.

a 72

Hall's Activity Matrix.

n 76

"77
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More detail has been added to Hall's activity matrix by Hill
and Warfield (1972).

The problem definition, value system design, and

system synthesis steps of the program planning phase are studied in
good detail from a viewpoint that differs from, and complements the
original (Hall, 1962) definition of these steps.

Hill and Warfield's

point of view is closer to social or public sector systems.

Most of

their considerations for these steps of the program planning phase may
be extended to the corresponding steps in the other phases as well.
According to Hill and Warfield, these are the elements of the problem
definition steps:

professions related to the problem, societal sectors

involved, the actors in the problem solving task, the needs, the alterables, the constraints.

Problem definition also includes a title, de

scription, and scope of the problem; as well as partition of the problem
and determination of its subjective elements.
The elements of the value system are the objectives and the
objective measures.

A key element in the definition of the value sys

tem are the interrelationships among the obj ectives which allow the
definition of an objectives hierarchy or tree.
The elements of the system synthesis step are:

the system

synthesis activities (i.e., those to be carried out in order to achieve
the PROGRAM objectives), the activities measures of completion, and the
agencies involved.
Hill and Warfield introduce an interesting device to keep track
of the interactions among the above-mentioned elements of the program
planning phase.

The device is an array of self- and cross-interaction
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matrices where the presence of interactions between each pair of ele
ments is recorded in a binary fashion (yes or no interaction).

This

permits the use of boolean matrix operations to generate new interac
tion matrices or to check inconsistencies.
Except for a vague reference to using the array of matrices
as a basis for the other steps of program planning, the authors fail
to show and implement the connection of the elements seen with the
other elements of program planning, namely system analysis, optimiza
tion, decision making, and planning for action.

Particularly the de

cision making stage (i.e., system evaluation and selection) seems quite
disconnected for the elements of program planning.
In summary, Hall's line of thought on systems engineering has
contributed among other things a structure to the system engineering
process, and protrayed in the Hall activity matrix.

Such a structure

is very useful to see in perspective other developments and contribu
tions in the direction of a systems engineering methodology.

Hill and

Warfield's (1972) is a step in that direction but it does not consti
tute yet, and does not claim to be either, a complete methodology.
Closer to this goal is "Wymore'-s Systems Engineering Methodology for
Interdisciplinary Teams" (SEMFIT) which will be considered next.

Systems Engineering Methodology for Interdisciplinary
Teams
Most systems engineering methodologies are rather empirical in
their origins and form; they seem to be the result of an abstraction
of current practices in engineering design of complex systems.

SEMFIT,
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on the other hand, has come from an opposite direction.

It is based

on a mathematical theory of systems design (the Tricotyledon theory,
T3SD), which in turn is founded on a mathematical theory of systems
based on set theory and whose main pillar is a rigorous mathematical
definition of the concept system.
Most authors basically agree on the lifecycle of a system,
which may be considered as consisting of:

problem definition, prelim

inary design, detailed design, implementation, test, operation, and
retirement.
nition.

Most authors also agree on the importance of problem defi

Asimow (1962) for example says:

It is strange how strong the temptation is to seize mentally
on some concept of hardware that seems to provide a feasible
solution before the real problem is well understood, and
thereafter to patch up the concept in perilous ways as defi
ciencies in the solution begin to appear. The temptation
should be resisted, for it tends to lead to a mental rut which
blocks the truly creative effort that should follow after the
problem is grasped. In effect, we consider the ultimate solu
tion to be a black box, the contents of which remain unknown.
But these authors also fail to define specifically the problem
definition step.

This is one of the main features of SEMFIT-T3SD.

It

has been said many times that "a problem well stated is a problem half
solved".

It-could be said that SEMFIT is a methodology for systems de

sign problem definition by interdisciplinary teams.

However, the task

is so thoroughly done that it covers the whole phase of systems planning.
Without entering into systems synthesis which is a rather cre
ative and, as yet, unstructured step, it lays down all the necessary
elements for the generation and evaluation of alternatives and accep
tance test of the final system.
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SEMFIT recognizes three basic elements in the systems design
process, namely:
the problem.

the client, the interdisciplinary team (i-team) and

The methodology is geared towards the design of complex,

large scale systems; hence the need for an interdisciplinary team.
The i-team*s role is negotiating an exhaustive problem formulation with
the client and later the synthesis and evaluation of alternatives.

The

client is the individual, agency, or entity that wants the system de
signed and whose value judgments about system performance and resource
utilization are to be used.

An extensive treatment of SEMFIT method

ology can be found in Wymore (1976), which also contains a good con
cise summary of T3SD.

The main features of both will be reviewed here

to prepare the ground for future discussions.
The system design problem is defined as a sixtuple:

SDP =

(IOSPEC, TECHSPEC, IOMO, TECHMO, FEAMO, STP) whose elements are de
fined as follows.
IOSPEC is called the input output specification, and is defined
as a five-tuple (INPUTS, INPUTPATHS, OUTPUTS, OUTPUTPATHS, MATCHER)
where INPUTS is the set of inputs, INPUTPATHS is the set of input tra
jectories, OUTPUTS is the set of outputs, OUTPUTPATHS is the set of
output trajectories, and MATCHER is a function that maps input trajec
tories into subsets of output trajectories.
TECHSPEC is called the technology specification and is defined
as a set of systems closed under isomorphism.
IOMO is called the input/output merit ordering, and it is de
fined as an ordering over the input/output cotyoledon, which is the set
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of input/output assertions.

(For definition of i/o cotyledon, as well

as more details on other definitions being given in this section, see
Wymore, 1976, pp. 402 and ff.)
TECHMO is called the technology merit ordering and is an order
ing defined over the technology cotyledon.

The technology cotyledon

is a set of buildability assertions.
FEAMO is called the feasibility merit ordering; it is a trade
off ordering between the input/output and technology merit orderings,
and it is defined as an ordering over the feasibility cotyledon.

The

feasibility cotyledon is defined here as a set of feasibility asser
tions.
STP is called the system test plan; and it is defined as a
pair

(6,D), where 6 is a partition of the feasibility cotyledon,

and D is a function defined over all pairs (u,ZREAL) (u is a
feasibility assertion, and ZREAL is a system).

D can be roughly de

fined as a function that determines if a system implementation corre
sponds to its model in the feasibility assertion, and whether such an
implementation is acceptable.

A precise definition is too involved for

the illustrative purposes intended here.

The mathematical definition

can be found in Wymore (1976, p. 406).
SEMFIT methodology aims at identifying the six elements of the
SDP in the real problem at hand.

The six elements of SDP are reached

through the following six elements of the literary statement of the
problem:

statement of need, statement of need satisfaction criteria,

statement of available resources, statement of resource utilization
criteria, statement of tradeoff criteria, and statement of systems test
plan requirements.

These statements are in turn obtained through nego

tiation with the client based on the following basic questions (Wymore,
1976, p. 37):

(1) what is the system supposed to do, basically?;

(2) how is the system's performance to be judged?; (3) what can be used
to build the system?; (4) how is the use of resources to be judged?;
(5) how are the performance/resources conflicts to be resolved?; and
(6) how ought the system to be tested?.
After this brief review of the systems design methodologies in
the market it can be concluded that the systems engineering process fol
lows the successive stages of the systems life cycle, and within each
stage the design process is carried out to a varying extent depending
on the stage.

Many authors, especially Hall, speak of a two-dimensional,

and even three-dimensional structure of systems engineering (Hall, 1962,
1969; Asimow, 1962; Hill and Warfield, 1972; Sage, 1977; Kline and Lifson, 1968) where the first dimension is the chronological sequence of
stages that correspond more or less to the system life cycle stages;
the second dimension is the logical steps of problem solving carried out
in each stage.

It is interesting to note that although Wymore does not

subscribe explicitly to this idea, he does so indirectly when he talks
of the need for a SEMFIT formulation of the design task; i.e., the de
sign of the information system necessary to carry out the preliminary
and detailed design stages.
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Although authors differ in the scope of their definition of sys
tems engineering, most are concerned, as it is the concern here too,
with the planning and development of the system.

This corresponds to

Hall's project and program planning and system development stages,
Asimow's feasibility study and preliminary and detailed design,
Wymore's problem definition and preliminary and detailed design stages,
or Kline and Lifson's (1968) planning and design phases, and so on.
Actually, the detailed design includes a lot of what could be called
"specialty" engineering.

When one reaches this stage, most of the sys

tems engineering has already been done.
Within each stage, what Asimow calls the design process is car
ried out to a varying degree of thoroughness depending on the stage.
The design process is just the engineering side of the scientific me
thod or, in other words, a specialized form of problem solving.
design process requires the definition of:

The

objectives, resources, and

value system; and it consists of the following steps (Asimow, 1962):
Analysis, synthesis, evaluation, decision, optimization, revision, and
implementation.

In Hall's terminology these are:

problem definition,

value system design, system synthesis, systems analysis, rank (opti
mize) alternatives, decision making, planning for action.
and Lifson's view these are:

In Kline

Information gathering, value model, syn

thesis of alternatives and analysis or test, evaluation, decision,
optimization, communication.

The ten steps of Kazanowsky's standardized

approach also correspond to the design process.

Finally, in a more for

mal fashion, Wymore's input/output specification, technology
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specification, merit orderings, and system test plan, also portray the
elements of the design process.

The different views of the design

process are compared in Table 2.1.
In essence, there are several stages to the creation of a sys
tem, which could be called:
operation and retirement.

planning, development, implementation,

Systems engineering is more concerned with

the first two stages, and a system methodology must address the two
aspects:

formulation of all the elements of the design problem, and

the actual generation evaluation and testing of alternatives.

A de

tailed and rigorous problem formulation as required by SEMFIT does
accomplish precisely this; however, the methodology itself may present
some difficulties in its application as will be seen in the next chap
ter.

0

Table 2.1.
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Value model

Merit orderings
-input outputs
-technology
-feasibility

ASIMOW

HALL

KAZANOWSKI

Needs research
Environment,

Define goals
Define mission

Value system
design

Establish
criteria

Synthesis

System
synthesis

Alternative
systems defined

Evaluation

Systems
analysis

Fix cost or fix
effectiveness
Det. systems'
capabilities
System/criteria
array
Analyze merits
of alternative
systems

Analysis

Test plan
Synthesis

Analysis
and/or test

Preliminary

Rank and opti
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Decision

Optimize
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CHAPTER 3

PROPOSED METHODOLOGY

In the previous chapter the state of the art in RNR planning
and systems design methodologies has been briefly reviewed.

The need

for an integrated systematic approach to NRM planning was noted and
the existence of a methodological basis for systems design was pre
sented.

This methodological basis ranges from empirical generaliza

tions of the system design process, particularly in hardware and
aerospace systems, to a mathematical theory of systems design founded
on set theory and a set theoretical definition of system.

The objec

tive in this chapter is to outline and discuss an operational systems
methodology for the design of socio-environmental systems and RNR
planning.

The discussion will be based on T3SD which provides a good

conceptual framework for the study of systems design problems.

The

ideas to be presented in this chapter do not arise solely from theore
tical or speculative considerations, or the literary review; they are
mainly the result of a serious attempt at using SEMFIT in RNR planning
within the context of the Peru Project as mentioned in Chapter 1.
This is a fairly long chapter, so a short overview will help
the reader maintain a better overall perspective.

This chapter is

divided into six sections; the first one discusses the elements of the
socio-environmental system design problem, viewed from the side of its
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external manifestations; as opposed to a system theoretical approach.
It is recognized in this section that the aspect of system evaluation
is a multiattribute decision problem, and in the second section the
field of Multiattribute Decision Making (MADM) is reviewed with two
purposes:

to set a theoretical basis, and to present some of the

assessment techniques available.
posed system evaluation scheme.

The section is closed with a pro
In the third section, the elements

of the problem are formalized, and then related in the fourth section
with the elements of the generalized system design problem, as por
trayed in T3SD.

The proposed methodology is summarized in the fifth

section,' and finally the process of system design is briefly reviewed
to indicate how such detailed problem formulation can be best used in
the design stage, and also to link some of its elements with specific
design steps.

The Problem as It Looks Beneath the Surface
The focus of interest here is what may be called societal sys
tems, more specifically socio-environmental systems, where the system/
society interactions are large in number and importance.

Other

examples of societal systems are health care systems, educational sys
tems, transportation systems, etc.

A watershed management system or

a natural resources development system are examples of socioenvironmental systems.
In order to proceed with the systems design, the elements of
the actual problem as it exists "out there" must be translated into a
systems design problem (SDP).

The problem exists in the following

context:

an undesirable state of affairs (problem) is detected by an

individual or agency, and a commitment is made to change such state of
affairs.

The individual or agency will be called the "client" herein.

The five elements of the actual problem are defined as follows:
(1) the objectives, that is, what the client wants to be accomplished
in relation to the problem.

In socio-environmental problems the objec

tives are multiple and interrelated, and not necessarily obvious or
easy to determine; (2) the constraints, which are conditions that the
solution must meet in order to be acceptable; (3) the resources, which
are all the means available to implement a solution; these include
money, energy, renewable and non-renewable natural resources, manpower,
and technological components; (4) the societal sectors involved are
the human groups that are affected by the problem or the solution.
Finally, (5) the value system, which reflects the client's preferences
over the set of alternative solutions.

It is assumed here that given

any two alternatives the client is capable, eventually, of selecting
one as the most desirable.
In using system design methodology these elements of the actual
problem (AP) must be translated into the statement of a systems design
problem (SDP).

It must be done in such a way that all the relevant

information in the AP is included into the SDP and that all the infor
mation required by the SDP is provided.

After this brief introduction

the elements of the problem are discussed in more detail.
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Objectives and Goals
The objectives and goals are perhaps the most important ele
ments in the problem statement because they define what the system is
supposed to do.
goals:

A distinction is made here between objectives and

while the objectives indicate the directions in which the situ

ation must change, the goals are specific points along these lines.
For example, an objective may be to improve educational level, and a
goal could be to reduce the illiteracy rate to 5 percent.

A way to

define the objectives is considered next.
Objectives appear originally in an implicit, vague, and un
structured state; usually they are multiple, multifaceted and inter
related.

Interpretive structural modeling (ISM) is a computer assisted

technique for qualitative problem analysis originated by Warfield
(1976).

There are several types of structural models, including intent

structures and hierarchies.

ISM is not a precise algorithmic procedure

that will produce exactly the same results with the same data; that is,
some parts of the structure obtained may change from one run to the
next due to human interpretation of the relationships.

This means that

the final structure must be reviewed and revised until agreement is
reached among the participants in the exercise.

ISM is a very helpful

tool for determining the relationships among the objectives but the
analyst should realize that the client and the team must agree at the
end on the set of objectives and their causal relationships.

This end

product is an objectives tree where each objective is branched down
into lower level objectives contributing to its realization.
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It must also be understood that the obj ectives tree is not
unique.

Its validity lies in the agreement among the parties involved

that it adequately represents the client's structure of objectives.
So for the purposes of this discussion it is assumed that an objectives
tree is agreed upon, and it is subsequently assumed to be a working
model of the client's objective structure.

Determination of Obj ectives
The following procedure is suggested for defining the objectives
tree.

(1) Through negotiation with the client determine an initial set

of objectives, or a list of desirable characteristics of the solution.
At the beginning, the problem is likely to be vague and nebulous;
"negotiating" means here to sit down with the client and at least gen
erally determine what he wants and/or how would he like to change the
current state of affairs.

From this interaction with the client, the

analyst should extract a preliminary list of objectives, or at least
of "desirable characteristics" of the solution.

(2) For each one of

the initial objectives determine (a) to which higher level objectives
does this initial objective contribute; (b) which lower level objec
tives contribute to this initial objective.
jectives are generated.

In this process new ob

(3) Put all the objectives in the form:

"to-(Action verb)-(subject of action)-(modifiers if any)'1;
clearly define and agree upon the meaning of each objective and
eliminate duplications.

(4) Determine the intent structure of the

expanded list of objectives by asserting whether or not objective i
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DOES CONTRIBUTE TO THE REALIZATION OF objective j, for all pairs i,j.
This step may be performed manually or with computer assistance.
There are computer programs (Scott, 1975) that, assuming transitivity
of the relationship, minimize the number of pairs that must be con
sidered and check for transitivity consistency of the tree.

(5) Con

struct the structural model (objectives tree) and reevaluate it.

If

not satisfactory, go to step 3.
The iteration loop 3-4-5 should be repeated at least once,
since a learning process takes place during the pairwise consideration
of objectives.

The meaning of the objectives and the causal relation

ship are refined as the participants are forced to think about the con
tribution of one objective to the realization of others.

It is also

advisable to omit from the iteration 3-4-5 those lowest level objectives
that are known to contribute only to' one objective in the next higher
level.

(These are generated in step 2.b.)

System Mission
The objectives tree defines the system's mission, that is, what
the system is supposed to do basically.

This is precisely the answer

to basic question 1 in SEMFIT methodology (cf. Chapter 2), which
leads to the input/output specification.

However, it seems very diffi

cult and perhaps impractical to express the objectives in terms of in
put and output trajectories and matching functions; at least this seems
to be the case in the Lomas problem.

There is another way to introduce

the objectives information into the SDP statement, and it is through
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the definition of system performance criteria which constitute the
basis for defining the IOMO and also yield some output variables for
IOSPEC.

An example of an objectives tree can be found in Fig. 4.3 of

Chapter 4.

The system's mission is to accomplish the objectives of the
client.

However, objectives are not necessarily measurable and it is

necessary to define measurable criteria in order to determine the degree
of objective achievement.

Definition of Performance Criteria
These are the criteria according to which the target system will
be evaluated.

Wymore (1976), divides these into two groups:

i/o cri

teria, related to system mission and input/output specification; and
technology criteria, related to implementation.

These criteria will be

subdivided into mission criteria, and secondary criteria; the technol
ogy criteria are divided into resource utilization criteria and effec
tiveness criteria.

The performance of the system on each criterion is

measured by one or more variables; so there are mission variables,
secondary variables, resource variables, and effectiveness variables.
There is associated a performance criteria to each bottom level
objective.

The variable that measures a performance criterion is

called a performance variable.
performance variables.
straints XMIN.<X

J m
to be acceptable.

Let X =(X!,X2

Xm) be the vector of

The mission is then defined as a set of con

< XMAX., j = l,m; that must be satisfied for a system
3 '

The variables X^ will be functions of the system
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outputs.

Secondary criteria and variables measure other desirable

aspects of system performance that are not essential to the system's
mission.

Resource utilization variables are also part of the system

evaluation variables, they are discussed later in this section.
Effectiveness criteria and variables refer to all other implementation
dependent aspects of system performance; such as repairability, relia
bility, time between failures, non-monetary costs, time and risk con
siderations.

Aspects of Systems Evaluation
There are at least four dimensions to system evaluation:
formance, cost, risk, and time.

per

By risk it is meant here the uncer

tainty of outcomes; caused by the inability of models to accurately
predict present and future behavior of their real world counterparts.
Within the framework of T3SD, performance evaluation corresponds to
input/output merit ordering, and the cost, risk, and time aspects cor
respond to the technology merit ordering.

Performance evaluation can

be defined with a basis on the objectives tree.
lems with performance evaluation.
evaluation of an output trajectory

There are three prob

One is time; it has to do with the
(t).

What is to be measured?

average values, instantaneous values, extreme values?
lem is sampling.

The other prob

There are a large number of possible input trajec

tories; which trajectories should be used in performance evaluation?
Finally there is the problem of aggregating a large number of perfor
mance variables into a few variables for decision making purposes.
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Time considerations must be settled individually for each per
formance variable when it is defined; that is, some aspects of perfor
mance are better measured by averages, other by extremes, and others
by final values.

Sampling aspects may be taken into account by the

use of performance indices (Wymore, 1976) which are averaged over a
set of input trajectories by means of a weighting function that re
flects the relative importance of each trajectory.

A weighting func

tion could be a probability distribution over the set of input
trajectories, but could also be a set of weights assigned to a few
input trajectories, but trajectories selected for strategic reasons.

The Aggregation Problem
At the time of system evaluation it is necessary either to rate
alternative systems, or to compare two given systems.

Since there are

limitations to the number of aspects that the human mind can consider
simultaneously, it is necessary to aggregate the performance variables.
There are several ways to carry out this aggregation.

Multiattribute

utility theory seems to provide a rational framework for an aggregation
or in general a multiattribute choice.

Since the problem of aggrega

tion of worth touches all aspects of system evaluation, it will be con
sidered in a later section.

It will only be said at this time that the

structure of the objectives tree suggests the most natural way to
structure the aggregation of the performance variables.

In other words,

a performance evaluation tree may be defined with indices reflecting
the degree of achievement of the corresponding objectives in the tree.
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The definition of performance evaluation variables for the Lomas Prob
lem, is illustrated in Chapter 4 and Appendix B.

The Resources and Resource Constraints
The basic question that generates the information for the tech
nology specification (TECHSPEC) is:
to implement the system?".

"What are the resources available

The resources component of the actual prob

lem (AP) can be broken down into two categories:
components.

raw resources and

Raw resources are the matter, energy and information

available for the implementation and operation of the system.
include:

These

renewable resources such as water, soil, vegetation; non

renewable resources such as minerals and fossil fuels; man-made re
sources such as chemicals, fertilizers, and electric power.
this category are manpower, money and time.

Also in

Components are all the

entities that can be modeled as systems, such as hardware and hardware/
software units, physical infrastructure such as roads, channels, and
communication networks; socio-political infrastructure such as govern
ments and government agencies.

Some of the above mentioned systems

may also be viewed as part of the target system's environment.

The

difference lies in whether or not such units are to become internal
components of the target system.
The point is that there are two classes of resources avail
able:

those that can be modeled as systems, which can be included

directly into the TECHSPEC; and raw resources which enter the SDP
statement in the form of availability constraints.

The second group
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creates a partition of the technology cotyledon, namely the resource
feasible set of systems, which, being implementable in the technology
(i.e., with a set of components in the first group above), also satis
fy the resource availability constraints; and its complement, a set of
systems buildable in the technology but violating the resource avail
ability constraints.
The limited resources used by alternative systems automatically
create the need to include these in the system evaluation procedure;
the resource utilization variables along with the client's preferences
and tradeoffs in this respect will go directly into the technology
merit ordering.

Societal Sectors Involved
This aspect determines in part the environment in which the
system will operate.

For socio-environmental systems this concept can

be extended to social and environmental sectors involved.
sectors include:

Societal

government and government agencies at all levels;

communities; different sectors of the society such as the trades, pro
duction units, tribes, etc.; any human groups that will interact as a
unit with the system.

(See Fig. 4.1, page 118), where these groups

have been identified for the Lomas problem.) Environmental sectors in
clude the different ecosystems with which the target system will have
to interact.

In the case of the lomas, it is precisely the Loma eco

system that the target system must manage.
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Constraints
Constraints are expressed as thresholds or bounds upon the
system evaluation variables.

Accordingly, there are four types:

mission, secondary, resource, and effectiveness constraints.

Value System
The value system reflects the client's perferences over the
set of alternative solutions.

The evaluation of solutions, and the

selection of the "best" solution involves the simultaneous judgment
of multiple aspects; a very difficult task, that falls in the realm
of multiattribute decision making.

To aggravate further the situation

this value system must be made explicit so the design team can use it
as a guide in the generation and search for the best solution.
following elements make up the value system:

The

criteria, variables,

preferences, aggregation procedures.

Orderings
The criteria in the value system have associated with them
variables that measure system achievement in each criterion.

These

variables, say, (X!,X2,... JXJJ,) constitute a figure of merit (Wymore,
1976) defined over the set of alternative systems.

An ordering is

usually defined in multiattribute decision making through a function:

u(z)

=

f(Xx (z),....XJJ/z))

such that system Z & is preferred to system

if u(Zfl) > u(Z^).

The

question of how to define such a function in a way consistent with the
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client's preferences is explored later under the section heading
"Multiattribute Utility Models".

System Testing
Wymore (1976) says that a system test plan must be defined as
part of the problem statement.

Testing is indeed an important compo

nent of the problem, particularly because it establishes a link between
the problem, the models used in system development, and the real system
that is actually constructed.
The process of system development can be viewed as follows.
Starting with a real problem, a problem statement is formulated, which
is itself an abstraction of reality, a model.

It contains or leads to

the definition of models of the environment, inputs and output trajec
tories, models of the components in the technology, and models of the
constraints, even models of the client's preferences.

By manipulation

of these models, a model of the "best" way to assemble components and
resources to solve the stated problem is produced during the design
stage.

(Such model corresponds to Zr in T3SD.)

Subsequently, this

model may be translated into detailed assembly blueprints, and finally,
a real system ZREAL is constructed.

The question is:

know that ZREAL is the solution sought?
tions of system testing:

How does one

This leads to the basic ques

Is Zr an appropriate model of ZREAL?; is

ZREAL acceptable?; What is ZREAL's performance?
•The question of acceptability can be resolved in terms of
whether or not ZREAL satisfies the mission.

The question of Zr being

an adequate model of ZREAL has two aspects:

one, the conformance of

the real system to the blueprints; two, the degree of accuracy of the
model used during design.

The blueprints are based on the "feasibility

assertion" of the best alternative.

However, (cf. Wymore, 1976, Appen

dix I) the "feasibility assertion" contains only system theoretic
models which are not necessarily suitable for the construction of ZREAL.
The blueprints, then, translate these system theoretic models into a
language easily understood by the builders.

This is an engineering

manual explaining the link or correspondence between Zr and the blue
prints of ZREAL.

The second aspect, accuracy of the models, is the

most difficult one because it touches upon the need for a design support
information system (DSIS) which is itself a system design problem with
objectives, mission, resources, value system, etc.

DSIS is an informa

tion system intended to assist the design team in the task of modeling
and evaluating alternatives.

Its design will determine the accuracy

standards for the models, the amount of resources allocated to the
design stage, the tradeoffs between model accuracy and cost or devel
oping time.

Actually, the system test plan is part of DSIS because

systems testing takes place both on the model Zr, and on the real sys
tem ZREAL.

Due to time and space limitations, the design of DSIS will

not be addressed here.

Only the informational basis for testing will

be discussed.
The informational basis for testing consists of:

(a) an oper

ational definition of the system evaluation variables, (b) definition
of the system experiments, (c) a procedure or rule to determine if Zr
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is an adequate model of ZREAL, (d) a procedure or rule to determine the
acceptability of ZREAL.

In order to be able to refer concisely to these

units, they will be named:
ACCEPTRULE, respectively.

OPERDEF, EXPERIMENTSET, MODELINGRULE, and
These four elements are discussed more spe

cifically in the context of the Lomas problem in Chapter 4.
OPERDEF is a description of the measurement procedure for each
lower level system evaluation variable.
ing information must be available:

For each variable the follow

Variable name, units, measurement

procedure giving time, place, and sampling considerations, error mar
gin allowed, range of variability.

An example is given in Chapter 4.

EXPERIMENTSET is a definition of the input sequences (f) that
may or should be used in testing, as well as the time durations of
those experiments (t).

A system experiment is a triplet (x,f,t)

(Wymore, 1976); although the initial state x cannot be defined at prob
lem statement time, guidelines can be given for the selection of f
and t.

The information in EXPERIMENTSET is also valuable for the defi

nition of simulation runs which may be needed during design.

For an

example see Chapter 4.
MODELINGRULE is a statement of the procedure to determine if
Zr is an appropriate model of ZREAL.

The meaning of the word "appro

priate" is to be negotiated with the client.

Appropriateness may be

defined in terms of matching output trajectories predicted by Zr with
actual output trajectories of ZREAL.

It may also be defined in terms

of the agreement between ZREAL and the blueprints.

More specific con

siderations for the lomas case are given in Chapter 4.
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ACCEPTRULE defines the testing procedure to determine if ZREAL
is acceptable.

It may involve further simulation runs with Zr, and/or

actual test runs of ZREAL, or observation of its performance during
the first years of operation.

Essentially, it must be ascertained, in

the light of all the information available at testing time, whether or
not ZREAL will satisfy the mission specification.

More specific con

siderations are given in Chapter 4.

Review of Multiattribute Decision
Making in the Context of System Design
Since system evaluation is a multiattribute decision problem,
it is pertinent to review briefly the literature on multiattribute
decision making.

It is hoped to find through this survey the most

appropriate method for systems evaluation according with the state of
the art and within the context of systems design.

It is worth noting

that in systems design the situation differs from plain multiattribute
decision making (MADM) in that in systems design the alternatives still
have to be designed; whereas in MADM the alternatives are assumed al
ready to exist.

So, the former is a matter of generating the best

alternative (system), the latter is a matter of choosing the best alter
native.
Multiattribute decision making covers three major areas:

the

modeling of multiattribute choices, the aids for multiattribute choices,
and multiobjective programming.

This last category includes multi-

objective optimization methods such as SEMOPS (Monarchi, Kisiel, and
Duckstein, 1973), Surrogate Worth Tradeoffs method (Haimes and Hall,
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1974), and PROTRADE (Goicoechea, 1977).

These methods are more appro

priate in situations where mathematical models are readily available;
that is, where the feasible space can be represented by a set of func
tions so the generation of alternatives is relatively straightforward.
This is not always the case in systems design, where a mathematical
model relating the constraints, the decision variables, and their
effect upon the objective functions is not always available.

The gen

eration of alternatives in systems design is a rather creative activ
ity, and it is difficult to imbed it into an optimization algorithm
or a computer program.

These difficulties seem to limit the applica

bility of multiobjective programming techniques for systems design
optimization.

Nevertheless, once the choice has been narrowed down to

a family of systems characterized by a set of parameters, multiobjec
tive programming techniques could be applied to make the optimal deci
sion.

The other two categories within MADM consider methods to elicit

worth judgments from the decision maker (DM) and models to aggregate
multiple scores into one ordering defined over the set of alternatives;
or, put in other words, to combine such value judgments in order to
make a rational choice.

Multiattribute Utility Models
While the psychologists and behavioral scientists have been
more concerned with modeling the mental process that takes place when
a person makes a multiattribute decision, the interest of management
scientists and systems engineers lies in the definition and use of
models to aid the decision maker in the multiattribute choice.
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What is needed are multicriteria system evaluation techniques,
that is, how to define an ordering over the feasible set, based on
multiple criteria.

This corresponds to what in the literature of MADM

is called multiattribute utility models.

The term "utility" usually

implies that risk (that is, uncertain outcomes) is included in the eval
uation.

It is used in this section as a generic term, that is, for de

cisions with and without risk.
Johnson and Huber (1977) consider two major aspects to the use
of multiattribute utility models in multiattribute decision making.

One

is the assessment of the utilities of the individual attributes; the
other is the aggregation of those utilities into an overall measure of
desirability.
Assessing Utilities.

Techniques for the assessment of utiliies

(or worth) can be divided as follows (Kneppreth, Gustafson, and Leiter,
1974); ranking methods, category methods, direct methods, single anchored,
double anchored, gamble methods, and indifference methods.

Except for

the indifference method, which is intended for utility assessment of mul
tiple and dependent attributes, all other methods are for single attri
butes.

The models to combine these attributes in order to reach a

decision are classified by Johnson and Huber (1977) into scoring and
screening methods.

Screening Models.

Screening models eliminate alternatives when

some of their attributes are below specified thresholds.

The most

popular model in this category is the lexicographic in all its varia
tions.

Within this group also fit a number of simpler decision rules

that may be used to make a selection out of a multiattribute,choice set.
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Montgomery and Svenson (1976) list among others the following [let al
ternative A. be represented by m scores (a.,,...,a. )].
i
il
lm J

(1) The domi-

nance rule, which says that A} ^ A2 if a^j > a2j for j = l,...,m, with
strict inequality for at least one j.

(2) The conjunctive rule, which

says that Ai "P A2 if a^ > c^ and there is some k such that a2^ < c^;
where c^ are predefined thresholds.

(3) The lexicographic rule, where

the criteria are ordered by decreasing importance, and A^

A2 if there

is an r less than or equal to m such that a^j = a2j for j = 1, r - 1;
a lr

>

a 2r*

^

lexicographic semiorder and the minimum difference

lexicographic rule where a minimum difference is required in order to
trigger a decision; in other words, if the absolute value of the differ
ence of scores between two alternatives is less than the minimum differ
ence for that attribute, then they are considered equivalent in that
attribute.
Scoring Models.

These aggregate the utilities in the various

attributes into a single score.
tive and multiplicative.

u

=

These models are divided into:

The multiplicative has the form:

bon b.x.

whereas the additive model has different forms.
u

=

b

o

+ I b.X.
^ 1 1

Linear additive with interactions:

and linear additive with higher order functions:

u

=

addi

b

o

+ 6
I b.f.(X.) .
i x 1

Linear additive:

This one is perhaps the most widely used form, especially when the
functions f^ correspond to the marginal (univariate) value functions
for each attribute.

In the use of scoring models, it is important to

distinguish the method used to calibrate the model.

There are two

approaches (Huber,1974a): client explicated, where the utility func
tion of each attribute and their parameters are negotiated directly
with the client.

These have the advantage of being relatively simple

tasks, and the DM feels more in control of the situation.

The other

method is called "observer derived parameter estimation", where param
eters are estimated from a series of holistic assessments by the de
cision maker.

This approach is useful for parameter estimation in

multiplicative models and when there are interactions between the attri
butes.
The following hypothetical scenario of systems design will help
motivate the adoption of multiattribute utility models for large scale
systems design.

The i-team generates a set of basic solutions that

satisfy the system mission and other constraints; and then using the
merit ordering, the team iteratively (but not necessarily exhaustively)
explores the feasible set until the "best solution" is found; that is,
when under the budget and time limitations of the design process, the
team decides that it is not worthwhile to continue looking for a better
solution.

Since this stage is still far from the implementation, some

kind of models will have to be used to relate constraints, decision
variables, and to determine the worth of each alternative.

When an
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alternative (actually a family of alternatives) is proposed within the
team, the models are used to "tune" the parameters of that alternative
in order to maximize its worth.

The decision process assumes that the

decision maker is not available for the many decisions that have to be
made during such optimization.

It is implicitly assumed that the value

system will be somehow extracted from the client and the design deci
sions based on it.

Furthermore, the value system should be modeled in

a way that is compatible with the systems models to be used in systems
design stage.
In view of the above considerations, it seems that multiattribute utility theory offers a viable alternative for the definition of
the value system by providing a theoretical basis and a collection of
techniques for the assessment of value functions that are more consis
tent with the client's preferences.

Consequently, multiattribute util

ity theory will be explored further.
Need for Decomposition of the Utility Function.

The problem

of system evaluation could be posed in the following terms:

Associated

with each alternative system there is an m-dimensional figure of merit
(Xi,X2,...,Xm) that measures the relevant aspects of the system and its
performance.
m-tuples.

The task now is to define an ordering over such a set of

Note that the X^'s correspond to the lowest level variables

in the hierarchy of system evaluation criteria.

An alternative seems

to be to determine a scalar function u(Xi,...,Xm) with values in the
reals so that the system with the highest overall score is the best sys
tem.

Unfortunately, life is not that simple.

Reliably estimating
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parameters for such a function from the client's judgments is a boring,
and time-consuming task, and most decision makers will rightly refuse
to cooperate in such a venture.

For this reason, research has been

oriented towards the decomposition of value functions, ideally, into:
u(X1,X2,...,Xm)

=

g(fi(Xjfm(Xm)) ,

and usually into additive or multiplicative models as seen earlier in
this section.

The use of these decompositions requires the satisfaction

of certain independence assumptions which will be considered after a
brief look into the aspect of uncertainty.
Treatment of Uncertainty.

Perhaps the most important character

istic of classical utility theory is that it takes into account the un
certainty of the outcomes of a decision and the DM's attitude towards
it.

Here the choice is among probability distributions of the outcomes

associated with each course of action; or in the systems design con
text, the choice is among systems to each of which there is associated
a multivariate probability distribution of the performance indices.
The consideration of uncertainty in the case of the lomas would compli
cate things considerably for two main reasons:

(a) there is not suf

ficient information to evaluate the probability distributions of the
performance indices; (b) it will complicate even more the value judg
ments to be elicited from the client.

In view of the limited time and

resources of the present project, certainty is assumed here.

In a more

refined version of the methodology an attempt should be made to include
the uncertainty aspect in the system evaluation process.

An attempt
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will be made here to introduce a measure of overall uncertainty, at
the end of the analysis, once the multiattribute aspect of the evalua
tion has been developed.

In any case, a sensitivity analysis of the

optimal solutions is in order, to assess the solution's robustness
against variations of the uncertain variables and parameters.

Basic Concepts of Multiattribute Decision
Making (MADM) Under Certainty
The topic of this section is the conditions that will allow
the decomposition of the multiattribute value (utility) function:
V(X!,X2

Xm)

=

f(V1(X1),V2(X2),...,Vm(Xm)) ,

and hopefully into

Wj Vitti)

+

W2 V2(X2) +...+ Wm Vm(Xm) .

(3.1)

The material from this section is mostly from Keeney and Raiffa (1976).
Before going any further, it is important to emphasize that
there is a difference between multiattribute VALUE functions (that is,
MADM under certainty) and multiattribute UTILITY functions (MADM under
uncertainty).

The latter takes into account the client's attitude

towards risk and his perception of probabilities, and it can be used
in maximizing expected utilities.
do not involve risk at all.

The multiattribute value functions

Also, the conditions for separability and

additivity are simpler for the certainty case.

From here on the word

"VALUE" will be used instead of "UTILITY".
With each alternative system, there is associated an mdimensional figure of merit (Xj,X2

^m)•

^

va l ue

function is a
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function defined over the cartesian product of the X^s with values
in a subset of the reals.

That is:

V e FUNCTIONS(n X±,R)
Indifference Surface.

The locus of all the m-tuples (Xij-.-Xm)

that are equivalent to a given worth, i.e., VCx^^-X^ = V0 is called
an indifference surface.
Preferential Independence (PI).

A set of attributes is pre

ferentially independent of another set of attributes if the tradeoffs
among the attributes in the first set do not depend on the level of
achievement of the attributes in the other set.
if Y j

=

{X},...,Xg }, and Y2

=

In more compact form,

{Xg-f-2., • • • >Xj^} so that (Xi[, •. • ,X^) —

(Yi,Y2), it is said that Yj is preferentially independent of Y2 if and
only if (Yx',Y2') > (Yf'.Yz*) + (Yj'.Y-,) > Cii",Y2)
Partition of a Value Function.

f°r

all Yx'.Yj",Y2.

The following theorem (Keeney and

Raiffa, 1976, p. 110) allows the decomposition of value functions.
X

=

{X^,X2,•»• »XJJ}; Y = {Xj,X2,.•.,Xj^}, and Z

=

Let

•..»X^}; if Y is

preferentially independent of Z, then
[(Y',Z') > (Y',Z")] + [(Y,Z') > (Y,Z")] V Y - Y ' .
A corollary of this theorem is that if Y.PI.Z and Z.PI.Y, then the value
function can be expressed as:
V(X)

=

f(Vy(Y),Vz(Z)).

This property also holds for other partitions of X; i.e., if (Yj,Y2,...Y^)
form a partition of X, and if Y^ is .PI. of its complement V
value function can be expressed as:
V(x)

=

f(Vj(Y!), V2(Y2),...,Vk(Yk)).

then the
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Mutual Preferential Independence.

A set of evaluators

X = {Xj,X2,.••>Xm} is mutually preferentially independent (MPI) if
every subset of X is preferentially independent of its complement.
Given a set of attributes X = {X1,...,Xm}, then an additive value func
tion exists
V(Xm,...Xi)

=

Vi(Xi) + ... + Vm(Xm)

if the X/s are MPI.
From a theorem by Gorman (1968) it can be shown that if every
pair of attributes is PI of its complement, then the set of attributes
is MPI.

That theorem reduces the number of preferential independence

tests from 2A*m to (m-1).

There are other combinations of subsets that

imply MPI; for example, if the pairs of attributes (X^,X_^+^) f°r
i = 1, m-1, are PI of their complements, then the attributes are MPI;
the PI of the pairs (X^jXi), i=2,m also implies MPI.
The following theorem by Gorman (1968) is useful for partition
of value functions.

Given that {Xj,... JXJJ,} is partitioned into

{Y^ ,Y2,Y3,Yit} and if {Yi,Y2} and {Y2,Y3} are PI of their complements,
then there exists a value function V such that:
V(Y1,Y2,Y3,YZ#)
where

Z

=

=

f(Z,Yit)

V^Y^ + V2(Y2) + V3(Y3) .

The above theorems and definitions summarize the conditions
necessary to partition the value function V.
tions left:
functions.

There are only two ques

how to test PI; and how to assess the individual value
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Testing for Preferential Independence
There has not been much research in this area except for the
simplifying theorems above.

Keeney and Raiffa (1976), Winterfeldt

and Fischer (1973) marginally address this point but no efficient
methods are proposed; only the use of the definitions of PI and the
simplifying consequences of the theorems above.

So the only method

available is direct questioning of the client and spot checking of
tradeoff rates at different levels of the complementary set of attri
butes.

Also, the very structure of the performance criteria (hierar

chy of criteria) suggests the most important dependencies to be checked.
In other words, stronger dependencies should be expected within each
branch of criteria than among criteria from different branches.

Also,

constraining the range of the attributes (or system evaluation vari
ables) helps independence.

Assessing the Value Functions
The other question still to be answered is how to assess the
value functions, and how to calibrate the weights.

So far it has been

assumed that the value function has the form:
V(X1,...,Xm)

where the Y^'s are MPI.

=

Vj(Yj)+...+ Vk(Yk)

Hopefully, each

will correspond to a

branch in the tree of evaluation criteria, or at least some separation
of the value function lumping several groups of attributes into one Y^.
If such a separation is not possible at all, it will be necessary to
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assess a multivariate value function with a large number of dimensions.
The methods to assess value functions will be discussed now.

The idea

is to use independence assumptions to reduce the dimensionality of the
component functions.

Where that is not possible, multivariate methods

must be used.
From the utility (value) assessment techniques, the most appro
priate for the univariate case seems to be the direct methods, and per
haps even the gamble methods if the use of probabilities is appropriate
in the context of the variable.
The direct assessment of univariate value function is a rela
tively easy task, both for the client and the analyst.

The shape of

the function itself can be of various kinds; some typical shapes are
shown in Fig. 3.1.
Instead of assessing directly a value functions, some authors
prefer to use mathematical functions corresponding to families of
curves; the assessment then, is reduced to estimate a set of parameters.
For example, Wymore (1975) uses an arctan function of the form:
V(X)

=

.5 + (arctan(TTp(X-r)))/IT.

This requires only the assessment of two parameters:

p and r.

Other authors, such as Edwards (1977), Einhorn (1977), simplify
even further the assessment and adopt a straight line value function,
arguing that it is good enough approximation when the value function is
conditionally monotonic; i.e., when either more is better, or less is
better all along the range of the attribute, regardless of the level of
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V(X)

V(X)
1.

1.

0.

0.

(b)

(a)
V(X)
1.

1.

0.

0.
(c)

Fig. 3.1.

(d)

Typical Shapes of Value Functions.
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achievement in other attributes.

The position adopted here is that

the required accuracy (i.e., how closely can the function predict the
assessor's choices) is directly related to the importance of the attri
bute.

So, based on the weight assigned to the attribute a decision

must be made about the accuracy of the value function.

'

There are two steps in the assessment of a value function.
First, define the extremes

and Xft such that V(XQ) = 0 and V(XA) = 1.

In most cases these values can be deduced from the mission specifica
tion.

The second step is to assess the worth of values of X between

X Q and X.,..

Among the so-called direct methods, several variants exist:

(1) directly drawing the value function, if the client feels like doing
it; (2) bisection methods.

Finding the level of X between X^ and X^

such that the increment in worth from X^ to X is equivalent to the incre
ment between X and X...

(3) Relative slopes (Breddan, 1978) where ratios

between slopes at various points along the range of X are elicited
from the client by asking, for example, "how important is a unit in
crease at XQ as compared with a unit increase at X^ (half as much,
twice as much, etc.)".

Knowing the extreme points (XQ and XA) a value

function can be fitted by a procedure similar to the numerical solu
tion of a differential equation.
Assessment of Bivariate Value Functions.

A method for- empiri

cal assessment of indifference curves is presented in MacCrimmon and
Toda (1969).

By "blocking out" the dominated and dominating sets of

pairs (X,Y) the locus of the indifference curve is narrowed iteratively.
For example, if V(X) and V(Y) are both monotone increasing and we want the
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indifference curve through ( XQ, YQ), then if the client says that
(XQ,YQ) is preferred to (X^,Y^) then that implies that all points
(X,Y) such that X > X^ and Y > Y^ are preferred to (XQ,YQ).

By shading

out that area in the plane XY the locus of the indifference curve
through ( XQ , YQ ) can be defined with whatever precision is needed.

This

is illustrated in Fig. AC.5 of Appendix C.
Once the indifference map is obtained, it is still necessary
to calibrate it, that is, to assign a value or worth score to each
curve.

It seems that no special methods have been devised for this

task; so it is necessary to use a direct assessment, which becomes more
burdensome to the client, since now two factors are being considered in
stead of one.
Several alternatives are possible:

define a set of points in

the line ( XQ , YQ )-( X^ J Y^) and ask the decision maker to express his
value judgments for these points.

The rating method proposed by Church

man and Ackoff (1954), or a variation of it by Turban and Metersky
(1971) could be used here.

Another alternative is to rank the worth of

differences between consecutive points:
j = i-1.

V(X^,Y_^) - V(X^,Yj) with

Since it is known that V(XQ,Y^) = 0 and V(XA,YA) = 1, the

drawing of the curve is a matter of using the information correctly.
Lastly, direct assessment using bisection methods or relative slopes
can also be used, as illustrated in Appendix B.

This calibration of the

line (XQ,YQ)-(Xft,YA) could be done prior to the determination of the
indifference curves, thus allowing the selection of a convenient set of
curves, for example, V(X,Y) = .2, .4, .6, .8, 1.
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Value Functions for n Greater than 2.

The direct assessment

of multidimensional value functions becomes progressively difficult as
the number of dimensions increases.

The difficulty in articulating a

consistent set of value judgments for more than three attributes simul
taneously can be attested by anyone who has tried such a feat.

The

technology of utility assessment does not offer any techniques except
for extensions of univariate and bivariate methods; and these quickly
become inoperative because the human limitation to handle simultaneous
comparison of multiple attributes.

In view of these difficulties, it

seems that the only way to proceed is to reformulate that set of attri
butes.

Some alternatives are:

to reduce the range of some attributes

to weaken dependency and thus facilitate additional independence assump
tions; to break down further the attribute set; to combine attributes
into new variables; if all else fails, redefine the attribute set.

Assessment of Weights
In order to aggregate the utilities of all the independent sub
sets in the model given by Eq. (3.1), page 67, it is necessary to assess
the importance weights W^.

The methods to assess the weights can be

divided into direct and indirect methods; or, as designated by Huber
(1974b), client explicated and observer derived methods.

The former ones

have the advantage that they are usually preferred by decision makers
for being simpler and because the DM feels more in control of the trade
offs.

However, certain aggregation models, such as the multiplicative

and models with interaction terms the difficulty of the direct assess
ment leaves indirect or observer derived as the best alternative.
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The simpler ones among the client explicated methods are those
where weights are assigned directly to each attribute.
are the single anchor and the double anchor methods.

Some variants
In the single

anchor method, the attributes are ordered according to their importance,
and using the least important one (Edwards, 1977) or the most important
one (Turban and Metersky, 1971), as the basis, it is determined how
many times more (or less) important is each attribute with respect to
the base attribute.

Huber (1974b) claims that the use of the most impor

tant attribute as the base reduces the hedging effect, that is, the
tendency to give similar ratings to all the attributes.

In the double

anchor methods, a fixed number of points are distributed among the cri
teria.

This method is very common;

Wymore (1975 and 1976).

among others has been used by

This approach has the advantage that all the

attributes must be considered simultaneously.

If the number of attri

butes is large (say, over 30), this may become a problem; an alterna
tive in such a case is to group attributes into a small number of groups
in a tree-like structure.

This can be done in a "bottom-up" fashion as

in the roll-up procedure used by Wymore, or in a top-down fashion, as
for example, in Keeney and Raiffa (1976, p. 115).
The second category among the client explicated methods covers
those where more elaborated techniques are used and in some instances
make use of statistical tests of concordance.

Methods typical of this

group are those proposed by Churchman and Ackoff (1954) and the modi
fication of those made by Turban and Metersky (1971).
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Churchman and Ackoff's methods were originally proposed to
rate alternatives or outcomes, but in most cases can also be used
(and have been) for rating attributes.

The two methods are based on

iterative comparison of attribute A^ with {A.. , j = i+l,n}, for
i = l,n-l, and adjusting the weights accordingly.

The second method

is an extension of the first one for large number of attributes or
alternatives.
Turban and Metersky (1971) used the above method with a minor
modification (using double instead of single anchored procedure for
the assessment of weights) and in addition introduce statistical tests
of concordance to monitor the agreement among a group of judges.

The

method is used to rate 40 measures of effectiveness for systems effec
tiveness evaluation at the Naval Air Development Center.

It is inter

esting to note that these authors preferred the straight rating of 40
measures of effectiveness to the use of a hierarchy or tree.

No rea

son is given.
The indirect or observer derived methods involve a number of
assessments of hypothetical alternatives in the alternative space; and
from these assessments the parameters are estimated by regression
methods.

To this category also corresponds the deduction of the weights

by means of inequalities obtained from comparisons between carefully
selected points in the alternative space, as illustrated in Keeney and
Raiffa (1976, p. 123).
The essential aspects of multiattribute decision making method
ology in relation to systems evaluation have just been reviewed.

MADM
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does indeed offer a sophisticated set of tools to ascertain the client's
value system.

There is, however, a catch to it.

As pointed out earli

er, system design differs from multiattribute choices in that the alter
natives are not given but are generated iteratively within the design
process.

This requires the use of a larger number of variables (attri

butes) and some of them too technical in nature for the client to make
a sensible choice.

All this leads to the conclusion that although sys

tem evaluation can benefit greatly from MADM, it can not rely solely on
that methodology.
The Roll-up Procedure.

These difficulties have lead most prac

titioners to use weighted sums of scores that reduce a multidimensional
figure of merit to a single score, without much consideration of pos
sible interactions among attributes or nonlinearities of the tradeoffs
among attributes.

It is not that these procedures are wrong; they only

rest on a different set of assumptions.

One such procedure is the in

formally called "roll-up" procedure used up to now in most SEMFIT
applications.

Although not explicitly stated in the methodology (i.e.,

in Wymore, 1976) the main premise of the "roll-up" is that it is NOT a
model of the client's preferences, but a contract or agreement on sys
tem evaluation.

Besides the contractual purposes of it, its other ob

jectives are to formalize and to document the decisions made in system
evaluation.
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Proposed Evaluation Scheme
It is proposed here to combine both approaches in order to have
a system evaluation procedure that takes into account the most impor
tant aspects of multiattribute choice methodology while being effective
in dealing with the large number of attributes and the highly special
ized nature of some of the variables.

The way to implement this is

through a two-stage evaluation procedure that is now discussed.
Because of the multiobjective nature of most RNR projects the
objectives tree, and also the system evaluation variables tree is usual
ly a multiple sink graph; in other words not one but serveral trees.
See Fig. 3.2.

Client

LaveL
-tcavn
fo«d level

Fig. 3.2.

Typical Objectives Tree.
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The idea is to divide the system evaluation process into two
stages:

a lower or technical level, and a high or political level.

The aggregation of system worth can be done through trees (cf. Fig.
3.2) where the tradeoffs are considered within each tree.
be done by the interdisciplinary team.

This is to

Thus the specialized knowledge

of its members can be fully used in their respective branches or trees.
At the executive or client level, the decision will involve a relative
small number of criteria "seven plus or minus two", and such decision
actually corresponds to a case of multiattribute choice.

Put in more

formal terms, there is a figure of merit (X^,X2,..•,Xm) associated with
each alternative system.

The lower level system evaluation can be de

fined as a function g as follows:
g

e FUNCTIONS(REALSm,REALSk), so that

S(X],, • • • J XJJJ )

=

(Y I ,Y2,...,Y.^) ; k<m .

Then the client's value system defines an ordering over the range of
the function g.

Although this ordering can be made explicit through

a function over REALSk, it may also be left implicit, in the decision
maker's mind.
In this manner, the task of the design team is to produce a
set of non-dominated solutions (in the sense of the dominance rule
presented in an earlier section); each of which has associated with it
a k-tuple (Yj,...,Y^).' These solutions are then submitted to the
client for final selection.

If the client's value system is made ex

plicit in a function f e FUNCTIONS(REALSk,REALS), the design team may
take over the whole evaluation and directly select the "best" system.
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It is assumed here that tradeoffs across trees are defined at
the executive level.

MADM principles must still be used to define

tradeoffs within each tree, but the number of variables involved has
been reduced considerably.
Some of the advantages of this approach are:

(1) it takes

into account MADM principles for system evaluation; (2) it facilitates
the task of the client.

If he is available and willing, his k-

dimensional value function may be obtained; if he is not, a small num
ber of alternatives will be presented to him for selection according
to a manageable number of attributes.

For this stage the client may

use any other multiattribute choice tools available.

For example,

ELECTRE II (Roy and Bertier, 1971), or III (Roy, 1977); or Q-Analysis
(Armijo, Casti, and Duckstein, 1978).

(3) It takes the client away

from highly specialized technical decisions.
For purposes of formalization it is assumed here that the
client's value system may be represented by a value function
f(Yi,....YjP ; so, in general the value function is:
u e FUNCTIONS(REALSm,REALS), and it can be expressed as a composite
function:

u(Xx

2^)

=

f(g(X:,....Xjj,)).

Formalization of the Actual Problem (AP)
The structure of the actual problem is formalized now.

This

format is intended as an intermediate format between "reality" and
SDP.

It will contain all the information necessary for SDP but organ

ized differently, in a more "natural" form from the client's point of
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view.

The following predefined sets are used in this section:

SYSTEMS:
REALSm:

the set of all systems
m-dimensional real space

INTEGERSm:

m-dimensional real space

FUNCTIONS(A,B):

the set of functions defined over A, with values
in B

<j>:

the empty set

The symbol X will denote cartesian product.
The formalization of the actual problem will be called "Inter
mediate Problem Formulation" (IP) and is defined as follows:

IP = (OBJSTRUCTURE,PERFVBLES,MISSION,RESOURCES,ENVIRONS,
VALUEFCN,S TES TING)
OBJSTRUCTURE is the structure of the client's objectives in
relation to the problem.

It is defined as:

OBJSTRUCTURE = (OBJSET,CONTRIB), where
OBJSET is the set of client's objectives, and
CONTRIB is a function that describes the relationships among the
objectives, namely the contribution of each objective to the realiza
tion of the others.

OBJSET

=

They are defined respectively as:

{0^,O2,•••,Oq}

CONTRIB e FUNCTIONS (OBJSET X OBJSET, {0,1}),
such that for every

OBJSET,

CONTRIB(0.,0.) = 1 if 0. contributes to 0.
1 j
1
3
= 0 otherwise.
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The objectives tree is the graphical representation of CONTRIB.
LOWEROBJECTIVES is the set of lowest level objectives, it is
defined as:
LOWEROBJECTIVES = <0, : 0. e OBJSET, CONTRIB(0.,0, ) = 0 V 0. e OBJSET}
k
k
x k
l
ENVIRONS define the social and environmental sectors that are
involved in the problem and that will interact, or somehow affect or be
affected by the target system.

The types of systems that are being con

sidered here will establish a control loop with some of the sectors in
volved.

The sectors can then be divided in two classes; (a) those

which only feed inputs to the target system; i.e., totally beyond the
control of the target system; (b) those that receive target system's
outputs.

Group (a) can be characterized by a set of inputs and inputs

trajectories; group (b) must be characterized by inputs, outputs, and
response behavior.

Figure 3.3 illustrates the situation being dis

cussed.
ENVIRONS = (SECTORS,INPUTSETS,OUTPUTSETS) where,
SECTORS = {E1,E2,...,Ek} = EXTERNALS U CONTROLABLES
EXTERNALS are the environmental sectors that are beyond the con
trol of the designer and the target system, for example climate, na
tionwide economic changes, etc.

CONTROLLABLES are the environmental

sectors that can be acted upon and as a result modify some aspect of
their response, that is, of their inputs to the target system.

If

INPUT_E. =set of inputs generated by sector E., and
J
J
0UTPUT_E^ = set of outputs accepted by sector E^ , the following can be
defined:
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TARGET
SYSTEM

EXTERNAL
SECTORS
CON
TROLLABLE
SECTORS

Fig. 3.3.

External and Controllable Sectors.

EXTERNALS = {Ej: E^ e SECTORS, OUTPUTE^ = <j>}
CONTROLABLES = {E.: E. e SECTORS, OUTPUTEj / <j>}; and also,
J
J
INPUTSET = X {INPUT_Ei: Ei E SECTORS}
OUTPUTSET = X {OUTPUT_Ei: Ej. e SECTORS}

The response behavior of the controllable sectors should also
be part of the problem definition, if possible in the form of a system
model, but at least some description of such behavior.

This informa

tion will be needed to know how the controllables will respond when
coupled to the target system.

85
The following set of systems is defined:
COMPATIBLESET = {Z : Z e SYSTEMS, INPUTSET C INPUTS(Z)}
PERFVBLES is a set of variables that measure system perfor
mance.

It is subdivided in two sets, mission related performance, i.e.,

achievement of objectives; and secondary performance aspects—desirable
but not essential to the mission, such as comfort, color, etc.
PERFVBLES is then defined as:
PERFVBLES = (MISSIONVBLES,SECONDVBLES) where
MISSIONVBLES = {X..:X^ e FUNCTIONS(COMPATIBLESET,REALS), and for
every

0±

in LOWEROBJECTIVES THERE IS AN

X±

such

that X^(Z) is the expected achievement of system Z
with respect to objective 0^}
SECONDVBLES = (P..:P^ e FUNCTIONS(COMPATIBLESET,REALS), such that
Pj(Z) measures expected score of system Z in the
j-th secondary performance criterion}

The set of secondary constraints is defined as a set of upper and lower
bounds on the secondary performance variables:

SECONDSTRAINTS ={(PMIN^PMAX ),...,(PMIN^PMAXj^)}

MISSION is what has to be done basically with respect to the
problem.

It defines the thresholds beyond which it is considered that

the objectives are satisfied.

It is defined in terms of the mission

variables a set of upper and lower bounds on the mission variables

MISSION = {(XMIN1,XMAX1),...,(XMIN ,XMAX )}
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such that XMINj and XMAJL define the range of acceptable system per
formance in the mission variable X^.

The set of acceptable systems is

then defined as:
ACCEPTABLESET = {Z:Z e COMPATIBLESET,.
XMIN.<X.(Z)<XMAX. W X. e MISSIONVBLES, and
3

3

3

3

•

PMIN.<P.(Z)<PMAX. V P. e SECONDVBLES}
3

RESOURCES.

3

3

3

This construct contains all the information about

the available resources and components, and other implementation con
straints.

It is defined as:

RESOURCES = (COMPONENTSET,TECHVBLES,TECHCONSTRAINTS).

COMPONENTSET is a set of systems closed under isomorphism; it
represents the components that can be used to implement a solution.
This is exactly the idea of TECHNOLOGY in T3SD.

TECHVBLES is a set

of system evaluation variables concerned with the implementation as
pects of the system.

It is divided into RESRCEVBLES, a set of vari

ables that measure the utilization of resources; and EFFECTVBLES, a
set of variables associated with SEMFIT's technology criteria, exclud
ing resource utilization; TECHCONSTRAINTS is a set of upper and lower
bounds for the variables in TECHVBLES, it is divided into
RESRCECONSTRAINTS and EFFECTCONSTRAINTS which are the constraints
for resources and effectiveness variables, respectively.

Furthermore,

TECHSET is the set of systems buildable by assembling components in
COMPONENTSET; and TECHFEASIBLESET is the set of systems that are buildable in COMPONENTSET and satisfy the constraints in TECHCONSTRAINTS.
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CONPONENTSET, TECHSET, TECHVBLES, RESRCEVBLES, EFFECTVBLES,
TECHCONSTRAINTS, RESRCECONSTRAINTS, EFFECTCONSTRAINTS, and
TECHFEASIBLESET are defined, respectively, as follows.

COMPONENTSET = {Z: Z e SYSTEMS, if Z e COMPONENTSET, and
Z' is isomorphic to Z, then Z' E COMPONENTSET}
TECHSET

= {Z : Z is resultant of a coupling recipe K such
that SYSTEMS(K) C COMPONENTSET}

TECHVBLES

= RESRCEVLBES U EFFECTVBLES

RESRCEVBLES

= {R.: R. e FUNCTIONS(TECHSET,REALS), R.(Z) is
J
J
3
the amount of scarce resource j consumed
by system Z}

EFFECTVBLES

= {Y^:Y

E FUNCTIONS(TECHSET,REALS), such that

Yj(Z) is the performance of system Z in the
j-th effectiveness criterion}
RESRCECONSTRAINTS = {(RMIN^RM/U^)

(RMINm,RMAXm)

such that a feasible system Z satisfies
RMIN.<R.(Z)<RMAX. V R. E RESRCEVBLES}
J J
3
3
EFFECTCONSTRAINTS = {(YMIN^YMAX.^ ,...,(YMIN^YMAX^.), such that
a feasible system Z satisfies YMIN.<Y.(Z)<YMAX.
J
J
J

V Y. e EFFECTVBLES}
TECHFEASIBLESET = {Z : Z E TECHSET,
RMIN.<R.(Z)<RMAX. V R. e RESRCEVBLES;
3

3

3

3

YMIN. <Y.(Z)<YMAX. V Y.
J
J
J
J

e

EFFECTVBLES}
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VALUEFCN.

The classes of system evaluation variables have

been characterized:
SECONDVBLES.

MISSIONVBLES, RESOURCEVBLES, EFFECTVBLES, and

Let X represent in general all the groups of variables,

and let X = (X,,X„,...,X ).
12
m
of X be called XSPACE.

Let the set of all possible realizations

VALUEFCN is the element in the IP formulation

that defines the procedure for selection of the best system; in other
words, it defines an ordering over the set of alternative systems.
Such a set is called VIABLESET, and is defined in the next section.
It was proposed in the discussion to use a two level evaluation pro
cedure that separated the technical (team) and the executive or politi
cal (client) decisions; and the potential difficulty of applying
Multiattribute utility functions at the client level was also recog
nized.

VALUEFCN is the defined as follows:

VALUEFCN = (TEAMFCN,CLIENTFCN), where
TEAMFCN e FUNCTIONS(.Subsets.[VIABLESET], VIABLESET),
such that TEAMFCN(A) e A;
•CLIENTFCH E FUNCTIONS (.Subsets.[VIABLESET], VIABLESET),
such that CLIENTFCN(A) e A .
This is consistent with the proposed scenario for systems design where
the team uses TEAMFCN to determine a set of non-dominated solutions
that are presented to the client for selection.

This definition is

general enough to allow the use of any choice procedure at the client
level.
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STESTING, the basis for system testing definition is hard to
formalize because it is mostly a set of rules connecting real entities
with elements and properties of system theoretic models.

STESTING is

defined here as a four-tuple:
STESTING

=

(OPERDEF,EXPRMNTSET,MODELINGRULE,ACCEPTRULE)

Where OPERDEF, the operational definition of the system evaluation
variables, can be characterized as a function defined over the set of
system evaluation variables (PERFVBLES U TECHVBLES) with values on a
set of variable definitions VARDEFINITIONS whose elements are sets of
answers to the following questions:

(1) What is the name of the vari

able?; (2) in what units is it measured?; (3) what is its range of
variation?; (4) how is it measured?; and (5) what is the accuracy of
the measurement?.
EXPERIMENTSET is defined as follows:
EXPERIMENTSET = (INPUTSEGMENTS,WEIGHTFCN), where
INPUTSEGMENTS = {(f,t): f e FUNCTIONS(REALS,INPUTSET),
t e POSITVEREALS}
WEIGHTFCN £ FUNCTIONS(INPUTSEGMENTS,REALS[0,l] such that
I
[WEIGHTFCN(f,t)] = 1
(INPUTSEGMENTS)
MODELINGRULE is a procedure to determine whether or not Zr
is an adequate model of ZREAL.

It can be defined as a function over

the set of all pairs (Zr,ZREAL) with values in the set {"Zr is an
adequate model of ZREAL", "Zr is not an adequate model of ZREAL"}.
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ACCEPTRULE is a testing procedure to determine whether or not
ZREAL is acceptable.

It can be defined as a function over all possible

implementations with values on the set {"ZREAL is acceptable", "ZREAL
is not acceptable"}.
The above elements of the actual problem have been characterized
and formalized to facilitate the transfer of information to the SDP
statement; now these elements must be linked with the elements of the
SDP formulation.

Linkage of IP Elements
with T3SD Formulation (SDP)
Table 3.1 shows how IP elements contribute information to SDP
elements A "XX" means a strong contribution, "X" means a mild contribu
tion.

Now the elements of the SDP formulation will be discussed in

relation to the elements of the IP formulation.

The IOSPEC
The IOSPEC has been defined as (INPUTS,INPUTPATHS,OUTPUTS,
OUTPUTPATHS,MATCHER) whose elements are, respectively, the input set,
the set of input trajectories, the output set, the set of output
trajectories, and a matching function that maps the elements of
INPUTPATHS into subsets of OUTPUTPATHS.

The roles of the IOSPEC are:

(a) it is the element in the problem formulation where one states
"what is the system supposed to do basically"; (b) it serves to
"describe the range of behavior of the system"; and (c) it serves to
"define, essentially, the environment of the system" (Wymore, 1976).
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OBJSTRUCTURE

OBJSET
CONTRIB

X
X

ENVIRONS

SECTORS
INPUTSET
OUTPUTSET
COMPATIBLESET

XX
XX
XX
XX

PERFVBLES

MISSIONVBLES
SECONDVBLES

XX
XX;

PERFCONSTRAINTS

MISSION
SECONDSTRAINTS
ACCEPTABLESET

X X
XX X

STP

FEAMO

TECHMO

IOMO

ELEMENTS OF
IP FORMULATION

ELEMENTS OF
SDP FORMULATION

TECHSPEC

Linkage between Elements of IP and SDP Formulation.

IOSPEC

Table 3.1.

X
X
1
t
j
I
j
i

XX
XX
X
X
X

X
X
X
XX
XX

RESOURCES

COMPONENTSET
TECHSET

TECHVBLES

RESRCEVBLES
EFFECTVBLES

XX
XX

TECHCONSTRAINTS

RESRCECONSTRAINTS
EFFECTCONSTRAINTS
TECHFEASIBLESET

XX
XX
X

VALUEFCN

VALUEFCN

XX XX XX X

STESTING

OPERDEF
EXPERIMENTSET
MODELINGRULE
ACCEPTRULE

XX XX

XX
XX
XX
XX
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Given an input trajectory, the range of system responses (output tra
jectories) must be specified in the IOSPEC.

The use of trajectories

and matching functions is an effective way to deal theoretically with
the concept of system mission (i.e., what the system is supposed to do),
and even a viable approach for mission specification in the case of
simple, open loop systems.
In the class of systems being considered here, the IOSPEC role
of defining the target system's environment is the most relevant one.
Furthermore, there is an additional aspect:

to describe the response

behavior of the controllable sectors to stimuli from the target system,
which in part is fed back as an input to the system.

It can be stated

that:
INPUTS(IOSPEC)

=

OUTPUTS(IOSPEC) =

INPUTSET
OUTPUTSET.

The remaining three elements of IOSPEC can always be defined trivially
as:
INPUTPATHS

=

FUNCTIONS(REALS,INPUTS)

OUTPUTPATHS =

FUNCTIONS(REALS,OUTPUTS)

MATCHER

{(X,OUTPUTPATHS),V X E INPUTPATHS}

=

However, there is a lot of information in AP that can be translated
into a more detailed IOSPEC.

Models of sectors serve to define the

I/O trajectories and some matching functions.
to define some matching functions.

The mission also serves

For each input trajectory, only
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those output trajectories whose projection into the mission variables
are within the limits XMIN, XMAX are acceptable.

The Technology
As defined in T3SD, the technology is a set of systems closed
under isomorphism.

That is, a set of systems models of the components

that can be used in implementation.

The TECHSPEC is a description or

enumeration of the systems that generate the technology through iso
morphism.

Such set of systems is called the COMPONENTSET in the IP

formulation.

So, by definition,

TECHSPEC = COMPONENTSET .

Merit Orderings
The value system in T3SD/SEMFIT is defined through the three
merit orderings IOMO, TECHMO, and FEAMO.
between IOMO and TECHMO.

FEAMO is a tradeoff ordering

The main reason to define the value system

in this way is to separate performance criteria (I/O) and implementation
criteria (technology).

There are three aspects to be considered in the

definition of a merit ordering (or a value system for that matter):
criteria, variables, tradeoffs.

In SEMFIT these three aspects are de

fined independently for IOMO and TECHMO and then the tradeoff between
the two figures of merit is defined.
to express direct tradeoffs between
mance criteria.

Some times it may be necessary
individual technology and perfor

If this is the case, it may be better to define the

merit ordering over the union of both sets of criteria.

The advantage

of separating mission from implementation criteria is still achieved
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because objectives and performance criteria are still being defined
independently of technology; only the tradeoffs are defined in common.

The Cotyledons
To establish a better link between the intermediate problem
formulation (IP) and SEMFIT formulation (SDP), the relationships between
the various sets of systems defined for IP and the cotyledons in SDP
are now explored.
First of all, from Wymore (1976, Appendix I),

IOCOTYLEDON

=

{(Z,X,£,U)}

TECHCOTYLEDON

=

{(K,Zr)}

FEASCOTYLEDON

=

{(Z,X, £ ,U,K,Zr ,Zs, p ,\i,6)}

The elements of IOCOTYLEDON, TECHCOTYLEDON, and FEASCOTYLEDON are
called i/o satisfaction, buildability, and feasibility assertions,
respectively.
The following sets have been defined in the IP formulation:

COMPATIBLESET

=

{Z: Z e SYSTEMS, INPUTSET C INPUT(Z)}

TECHSET

=

{Z : Z is resultant of a coupling recipe K,
and COMPONENTS(K) C COMPONENTSET}

COMPONENTSET

= {Z : Z e SYSTEMS, Z is given}

ACCEPTABLESET

= {Z : Z e COMPATIBLESET, Z satisfies MISSION
and secondary constraints}

TECHFEASIBLSET = {Z : Z e TECHSET, and satisfies resource and
effectiveness constraints}
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Now the following sets of systems associated with the cotyledons are
defined.

SYS10

=

{Z : (Z,X,S,U)

SYSTECH

=

{Zr : (K,Zr) e TECHCOTYLEDON}

SYSFEAS

=

{(Z,Zr) : (Z,X,e,U,K,Zr,Zs,RO,MU,0) e FEASCOTYLEDON}

e

IOCOTYLEDON}

Now, what is the relationship between systems mission, IOSPEC,
ACCEPTABLESET, and IOCOTYLEDON?

The mission, i.e., to maintain certain

performance variables within given bounds constrains the set of output
trajectories that can be matched to each input trajectory; so the mis
sion is part of IOSPEC.

If a system satisfies the mission for the life

of the project it does satisfy the IOSPEC.

So it can be said,

ACCEPTABLESET C SYSIO
also,
TECHSET

=

SYSTECH

and
COMPONENTSET C TECHSET
also,
TECHFEASIBLESET C SYSTECH

Now, what is VIABLESET in the context of this discussion?
VIABLESET is the set of viable alternatives within which the design
team is going to look for a solution.

The elements of VIABLESET are

models of possible assemblages of real components which are rearranged
and adjusted to satisfy the mission and to optimize performance
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according to VALUEFCN.

So VIABLESET is a set of systems (or systems

models, for that matter) that takes into account all the performance
requirements including mission and all the technology constraints in
cluding resource availability and effectiveness constraints.

In other

words, a set of systems capable of satisfying both the technology and
mission aspects of the problem.

By definition of ACCEPTABLESET and

TECHFEASIBLESET, then VIABLESET is the intersection of these sets.

VIABLESET

= {Z : there is K such that Z is resultant of K, and
COMPONENTS(K) e COMPONENTSET ;
Z satisfies resource constraints;
INPUTSET C INPUTS(Z); and
Z satisfies Mission}

Or in other words, VIABLESET = TECHFEASIBLESET 0 ACCEPTABLESET.
Now, VIABLESET defines a subset of the feasibility cotyledon, RESFEA.

RESFEA

= {(Z,X,5,U,K,Zr,Zs,RO,MU,0) such that
Z e VIABLESET, Zr E VIABLESET}

The relationship between the cotyledons and some systems sets
of IP have thus been explored.
used.

In actual practice only VIABLESET is

The design team works with one model whose building blocks are

in the technology and which predicts the performance with respect to
mission and other performance variables.

It is over elements of this

set, VIABLESET, that the value function is evaluated through simulation
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or other modeling techniques; and it is over the elements of this set
that the decisions involved in creating or selecting the "best" system
are made.
Going back to merit orderings, and speaking now in the context
of the discussion above, it can be said that VALUEFCN defines an order
ing over VIABLESET and hence over RESFEA which is a subset of
FEASCOTYLEDON.

So all that can be said is that VALUEFCN defines an

ordering over a subset of the feasibility cotyledon.

Whether this

ordering is a valid ordering over the complete feasibility cotyledon,
whether the restrictions of VALUEFCN to PERFVBLES and TECHVBLES are
valid orderings over the i/o and technology cotyledons; and whether
VALUEFCN is a valid tradeoff ordering between these orderings will not
be explored here.
only in VIABLESET.

For design purposes, the team will be interested
Systems outside VIABLESET in either of the coty

ledons are thus ruled out of the picture, and neither the client nor
the design team are interested in them.

System Test Plan
A system test plan is defined in T3SD as a pair (6,D) where 6
defines a partition of the feasibility cotyledon and D is a function
that operates on a feasibility assertion u and a real system ZREAL,
such that for each pair (u,ZREAL):: it assignes u to an equivalence
class within the partition of the feasibility cotyledon, it determines
whether or not Zr of u is a good model of ZREAL, and it determines
whether or not ZREAL is acceptable.
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The system testing information basis of AP directly addresses
the questions of conformance testing and acceptability testing, thus
providing all the information required to define the function D.

Fur

thermore, the information in the artifacts OPERDEF and EXPERIMENTSET
provides in an organized fashion most of the information needed for the
simulations that must be run during the design and testing stages of
system development.

The partition of the feasibility cotyledon is not

explicitly present in IP.

However, all the information necessary for

the definition of equivalence classes on FEASCOTYLEDON is contained in
VALUEFCN.

Summing up, the IP problem formulation provides all the in

formation required for system test plan.
The system design problem formulation (SDP) and the interme
diate problem formulation (IP) have thus been compared to see how much
of a link between the real problem and SDP does IP furnish.

IP has

been conceived starting from the actual problem, as it looks to the
client and the team; and without imposing on it the SDP format.
This approach of defining first IP may facilitate application
of systems design methodology (particularly SEMFIT) to socioenvironmental problems.

The use of this approach can be pictured in two stages:

(a) formulate IP, (b) based on IP formulate SDP.

Stage (a) may be con

sidered equivalent to the "literary problem formulation" of SEMFIT;
however, it is hoped here that IP will provide a much needed structure
for that stage, both for information gathering, and for generation of
SDP.
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Summary of Proposed Methodology
Summarizing the chapter so far, the process of translating a
socio-environmental problem from its actual manifestations and symptoms
into an IP and later an SDP formulation has been examined.

The essen

tial elements of the problem have been identified and a number of inter
mediate entities (the elements of the IP formulation) have been defined
to facilitate the translation into an SDP, as well as to guide the in
formation gathering for the problem statement.
It is important to realize that the process of problem formula
tion is iterative, and it is always necessary to update earlier steps
of the problem statement as new information becomes available.

Per

haps it would be very effective to make first a rough problem statement
covering all the elements of IP but without going into details, and
then go into a complete, fully detailed formulation.

The procedure for

problem formulation is now outlined to integrate all the discussion so
far, and also to serve as a methodological guide for the lomas project.

STEP 1.

Identify the client.

Ideally, a client calls the Inter

disciplinary team to help him solve his problem.

Very

often, however, the role of clientship (i.e., who pays
for the solution, who lives with the solution, and who
imposes his value system), is shared by different groups.
For problem formulation purposes it must be determined
who will furnish the objectives and the value system, and
who will determine system acceptance.
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STEP 2.

Identify and describe the social and natural sectors
involved in the problem.

This is an analysis of the

problem situation, where all agents or forces involved
and their interactions are determined.

This step leads

to the definition of ENVIRONS, EXTERNALS, CONTROLABLES,
INPUTSETS, OUTPUTSETS, EXPERIMENTSET.
STEP 3.

Determine the client's objectives.

The client's objec

tives with respect to the problem must be identified and
the interactions among these objectives must be deter
mined and put in the form of an objectives graph.
step leads to the definition of:

This

OBJSTRUCTURE, OBJSET,

CONTRIB.
STEP 4.

Determine the resources available.
parts:

This comprises two

(a) define the technology available, that is, all

the hardware and hardware/software packages that could
be used as components to implement a solution, (b) define
the limited resources available; for example, monetary
resources, energy, space, etc.
definition of:

This step leads to the

RESOURCES, RESOURCEVBLES, COMPONENTSET,

RESRCECONSTRAINTS.
STEP 5.

Define the performance variables.

These are of two kinds:

mission variables, directly related to the satisfaction
of the objectives; and non-mission variables, related to
other desirable aspects of the target system.

An opera

tional definition of the performance variables is needed
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for the system testing part of the IP formulation.
step leads to the definition of:

This

MISSIONVBLES,

SECONDVBLES, RESRCEVBLES, EFFECTVBLES, OPERDEF.
STEP 6.

Define the system's mission and other constraints.

These

are threshold values of the evaluation variables that any
acceptable system must satisfy.
definition of:
STEP 7.

This step leads to the

MISSION, SECONSTRAINTS, EFFECTCONSTRAINTS.

Define evaluation system.

Here an ordering over the

range of all system evaluation variables is defined.

It

must be determined which variables or levels in the evalu
ation tree correspond to the client and which ones to the
I-team.

Procedures for aggregation of scores must be

defined, as well as negotiating evaluation by the client,
either by an explicit utility function, or through some
other multiattribute choice procedure.

This step leads

to the definition of VALUEFCN.
STEP 8.

Define system testing procedures.

(a) Define the criteria

for model accuracy, that is, how closely should the models
predict the behavior of their real counterparts, and the
tradeoffs between accuracy and cost or development time
of the models, (b) define the testing procedure and accep
tance criteria for the final system.
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The final product of this process is a problem statement in
the format of IP; that is, with the definition of all the elements of
IP from OBJSTRUCTURE to STESTING (cf. definition of IP section earlier).
To produce a SDP formulation is now relatively straightforward.

But in

many cases this may not even be necessary at all,and the design stage
may be started right from the IP formulation.

To add perspective to

this work, the task of system design will be next examined and the role
of the elements of IP and SDP in design will be pointed out.

System Design
System design is the stage (or stages) where a solution to the
problem is created.
tive activity.

It has been regarded very often as a highly crea

Just how much of it is creativity (that is, the associ

ation of known elements to produce new elements) is an interesting
question, because there is also much analysis involved.

Classical Approach
Most authors view the process of system design as a progres
sively more and more detailed description of the target system.
Asimow (1962), for example, and also Hill (1970) say that after problem
statement a number of "design concepts" or alternative solutions are
synthesized.

After this somewhat mysterious creative act comes an

iterative process of analysis and testing where all but one of the
initial alternatives are eliminated, and the remaining one is described
to a degree of detail that permits the fabrication and assembly of all
the parts that compose the target system.

Asimow's view of the process
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is essentially shared by many other authors (Hill, 1970; Hall, 1962;
Hill and Warfield, 1972) this view is summarized in the following se
quence of activities (Asimow, 1962):

Feasibility Study.
- Problem statement.
- Synthesis of possible solutions (design concepts).
Preliminary Design:

Selection of one design concept.

- Formulation of models.
- Analysis:

sensitivity, compatibility, stability.

- Optimization.
- Extrapolations into the future.
- Testing of the design concept.
Detailed Design:

System is defined in progressive detail.

- Prepare for design.
- Overall design of subsystems.
- Overall design of components.
- Detailed design of parts.
- Prepare assembly drawings.
- Experimental construction.
- Product test program.
- Analysis and prediction.
- Redesign.

The salient features of the above approach are:

(a) a more or

less informal problem definition; (b) an early "act of creativity",
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where alternative solutions at a general level are conceived; (c) an
iterative process of analysis-synthesis-evaluation where one solution
is selected and refined to maximum detail.

Part (c) corresponds to

the process of functional analysis, seen by many as a tool for system
synthesis; actually, as Wymore (1976) points out, it is a tool for
describing a system already in the mind of the designer.
This approach relies greatly on the spontaneous creative process
that takes place in the designer's mind after the problem formulation
stage.

The process of generating alternative solutions (design con

cepts) is left totally undefined.

The amount of pure creativity used

in system synthesis was questioned above.

The fact is that it is very

difficult to conceive a solution for a very complex problem in one
giant "flash of creativity".

It is easier successively to break up the

problem into subproblems until a problem size easily synthesizable is
reached.

This second ingredient of system synthesis, problem analysis,

or problem decomposition, can be prescribed to some extent if a good
problem statement is available.

Current research in this direction is

already in progress; see for example, Wymore, 1979, Zapata and Fertig,
1977.

Bottom-up Approach
Having an extensive problem statement is precisely the situa
tion here; furthermore, the set of objectives and their relationships
are explicitly present in the IP problem formulation.

A functional

analysis of the set of objectives follows almost naturally, and it even
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seems more attractive than a functional analysis of a design concept.
It seems more attractive because, being the objectives set an element
of a formal problem statement, the reliance upon formalized, documentable procedures is continued for at least one more step.

On the other

hand, design concepts arise in a more or less spontaneous, uncontrolled
fashion, sometimes succeptible to personal biases.
This objectives analysis is particularly useful for interdiscip
linary teams where all the transactions of system synthesis must be
made explicit and communicated among the members of the team, in order
to make full use of the creative resources of the team as a whole.
A two phase synthesis methodology following the above view has
been proposed by Zapata and Fertig (1977).
tially as follows:

The methodology is essen

Phase 1, through analysis of the performance cri

teria determine the elementary system functions; Phase 2, structure
alternative solutions by combining implementors of the elementary func
tions, taken from the technology cotyledon.

It could be said that sys

tem synthesis is carried out from the bottom up in this approach;
whereas in the classical approach it is carried out from the top down.
Zapata and Fertig's two phase methodology is a natural exten
sion of SEMFIT methodology because it establishes an operational link
between problem statement and preliminary and detailed system design.
A peculiar situation existed before:

after the team had gone through

an extensive problem definition exercise a formal problem statement
was put together.

Then the problem statement seemed to become a pas

sive source of information and it was hoped that solutions would flow
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more or less spontaneously, thanks to the insight the team gained
through the problem statement exercise.

The steps of evaluation of

alternatives, selection, and optimization would take place subsequently.
This is pretty much the classical approach to system synthesis that is
found in Asimow and others, and which does not make full use of the
problem statement.
The objective of this section is to point at different ways to
proceed in system design, and it is not intended to study these in
detail because doing so would entail another dissertation.

There are

various ways to perform system design, including the classical topdown
approach, the bottom-up approach of Zapata and Fertig, and heuristic
trial and error.

Regardless of the synthesis approach, all system de

sign methods involve an iterative process of synthesis, analysis (i.e.,
modeling) and evaluation.

A Possible Approach for System Design
in Natural Resources
Figure 3.A attempts to show generally a design process based
on Zapata and Fertig's (Z&F) synthesis.

The first step is a functional

analysis of the lower level objectives (instead of the performance cri
teria, as in Z&F).

This analysis can be performed as in Z&F, by asso

ciating with each objective a number of factors promoting the achieve
ment of the objective; then defining one function for each factor; and
in turn subdividing the functions into elementary functions.

Another

approach could be to associate a function with each objective (even
just nominally) and then performing a functional analysis in the usual
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way (see for example Dickerson, 1976), where each function is subdivided
into subfunctions until direct implementability in the technology is
reached.

The final product of this step is a set of elementary func

tions.
Next it is necessary to define a set of possible implementors
for each elementary function.

These implementors are found in the

technology specification, and they can be single components or assem
blages of components from the technology.
The next step is called the "relations analysis".

It seeks an

understanding of the relations among the functions, among the implemen
tors, and between functions and implementors.

Many systems could be

proposed without the benefit of this analysis, by combining implemen
tors of the elementary functions; but these systems are bound to have
/
numerous duplications and inefficiencies.

This analysis also provides

valuable information for the construction of the models necessary for
the evaluation of alternatives.

Some of the relations that should be

considered are (where F^ stands for "Function i"):
- F^ and F^ can be implemented by the same component,
- F^ precedes F^ in time,
- F^ requires completion of F^,
- F. and F. are simultansous in time,
i
J
- F^ stimulates (hinders) F^,
- F_^ and F^ compete for resource R^,
- F^ needs input from (provides output for) F ,
- F^ duplicates F^,
- F_^ requires F^.
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Modeling techniques such as triangular or square interaction
matrices are useful in this step.

ISM (Warfield, 1976) is particularly

useful for the study of transitive relationships.
Coupling of Solutions and Definitions of Models.

The objective

of this step is to assemble initial solutions that will be later evalu
ated and refined.

Different solutions are defined by coupling alterna

tive implementors of the system functions.

Since these solutions are

initial points for the iterative process of solution refinement one
would want them to be as good as possible (in the sense of the value
system).

The process of putting together a "good" solution is a complex

one, and dependent on the problem at hand.

The insight gained in the

"relations analysis" of the previous step is indeed helpful for the
coupling of solutions.
Definition of Models.

Models are required to evaluate the

alternative solutions generated.

The type and level of detail of the

models used is dictated by the use they are given, as well as the re
sources allocated for this activity.

In general, the models must an

swer the team's questions of feasibility and acceptability of the
systems modeled, and allow the estimation of system performance.

In

addition to models of the alternative systems, it may be also neces
sary to model some components of the environment, in order to generate
inputs, and to estimate the environment's response to the target sys
tem's actions.

The design of these models can and should be treated

as a system design problem, with objectives, resources, constraints,
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value system, etc.

How detailed a model is, is a tradeoff between

resources and accuracy.
The specifications for model construction have in part been
defined in previous stages of the system design and problem definition.
The value system and the merit orderings determine most of the outputs
to be produced; the IOSPEC and the model outputs determine in part the
model inputs.

The technology for model construction and the performance

criteria and merit ordering must be defined too, prior to the defini
tion of the models.
Preliminary Evaluation.

Although the initial level of detail is

greater in this "bottom up" approach, the solutions assembled in the
prior step do not represent

specific systems but families of systems.

These correspond to the design concepts used in the classical approach.
In the preliminary evaluation the feasibility and acceptability (in
the sense of IP) are estimated, and if possible, inferior solutions are
eliminated.
In the optimization step, the "best" set of parameter values is
determined for each alternative.

If the value system is such that a

linear ordering is defined over the set of alternatives, then the best
solution can be selected.

Otherwise, a set of non-dominated solutions

is selected to be submitted to the client for final selection.
After an alternative is selected, comes the engineering design
where construction plans and specifications are drawn to maximum de
tail.

Once the system is built, testing must proceed according to the

system test plan.

Since such plan was defined at an early stage of the
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process, it is necessary to update it in the light of the detailed
design, that is, the definition of what Wymore (1976) calls the engi
neering manual.
The steps of the system design stage have been outlined, thus
pointing a way to proceed after problem formulation, and showing where
each element of the problem statement fits in.

Even if this procedure

is not followed the type of problem statement used here contains all
the relevant information for design.
This chapter has examined the elements of a socio-environmental
problem in general, and has put these elements in a format compatible
with T3SD.

This format constitutes a methodology for problem formula

tion, that is, a methodology to gather, analyze, and organize the facts
about:

the problem, the means available for its solution, and the

value system used to rank the solutions that will be subsequently gen
erated.

Principles and techniques from MADM, particularly Multiattri-

bute Utility under certainty were introduced here for the definition of
the value system in a manner more consistent with the decision maker's
preferences.
The next stage, system design, was briefly reviewed and it was
found that classical approaches to design do not fully benefit from
the extensive problem formulations resulting from this methodology.
Bottom-up approaches to system design are proposed as ways to overcome
this problem.

In the following chapter the application of the method

ology will be illustrated by formulating various aspects of the lomas
problem.

CHAPTER 4

AN APPLICATION TO THE LOMAS PROBLEM

In this chapter the formulation of the lomas problem using
the methodology of Chapter 3 as an intermediate step will be carried
out, more for illustrative purposes than as an actual exercise; the
reason being manpower, time, and space limitations.

This is a good

place to make a disclaimer in the sense that the lomas problem for
mulated in this chapter is incomplete, hypothetical, and can only
be used as a guide for a fully developed formulation.

Recommenda

tions for achieving this fully developed formulation will be given
in Chapter 5.

The problem formulation here will follow the eight

steps outlined at the end of Chapter 3.

Definition of the Client
In the present methodological context the client, ideally,
plays the following roles:

(a) he has the problem, that is, he is

directly affected by an unsatisfactory state of affairs; (b) he will
have to live with the solution; (c) he furnishes the value system;
(d) he accepts/rejects the solution; (e) he calls the interdiscipli
nary team to assist him; (f) he pays for the solution.

In the lomas

problem these roles are shared by different agencies, organizations,
and social groups.

The lomas people are the ones who will have to

live with the solution and are the ones that, at the end, will adopt
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or reject the solution.

The government, the scientific community and

some of the lomas people are concerned with the problem; the govern
ment will pay for the solution; the university has indirectly called
the interdisciplinary team to solve this problem.

Under these circum

stances, who is entitled to dictate the value system?
This is a difficult question and its answer must take into
account other factors external to client roles, such as availability,
ability to communicate with the team, cost of client-I-team inter
actions, etc.

It is also possible to have as a client a group of in

dividuals representing the different parties involved and heavily
committed to their constituencies.
In this project, so far, the main criterion has been one of
convenience.

Since it was difficult and expensive for the team to

communicate with the lomas people, it was decided to have as a primary
client the Centro de Investigaciones de Zonas Aridas (CIZA) of the
Universidad Nacional Agraria.

This is a scientific group actively con

cerned with the recovery of the lomas.

A number of socioeconomic

studies they have carried out in the various lomas qualifies them to
provide the "i-team with objectives and value systems that are represen
tative of the various groups involved in the lomas problem.

It was

also decided to have as secondary clients representatives from two
government agencies:

"Oficina Nacional de Evaluacion de Recursos

Naturales" (ONERN), in charge of the evaluation of natural resources;
and the "Direccion General Forestal y de Fauna", in charge of forestry
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and wildlife.

Both agencies have jurisdiction over the entire Peruvian

territory.

Description of the Environment
Here the environment of the target system must be described.
This will be done by considering the social and environmental sectors
involved in the lomas problem.

The following government agencies are

more directly related to the lomas.
1.

ONERN (National Office for the Evaluation of Natural Resources).
It is an agency reporting directly to the presidency and has
direct responsibility for the evaluation and planning of the
use and conservation of natural resources in Peru.

It does not

deal with the direct management of the resources.
2.

"Direccion General Forestal de Caza y Tierras".

Agency of the

ministry of agriculture, it has direct responsibility for a
wide gamut of activities related to natural resources, including
planning, management, and education.
3.

"Direccion de Recursos Forestales y de Vida Silvestre".
as above but concentrated on fauna and vegetation.

Same

It is now

called "Direccion General Forestal y de Fauna"; it has four
divisions:

forestry evaluation and land zoning, forests, re

forestation, and wildlife conservation.

These offices spe

cialize in the different aspects of planning, management, and
education, within the development and conservation of forestry
and wildlife resources.

There are also agencies dealing with the hygenic control and
technical assistance for cattle and other livestock operators.

These

agencies regulate and exert some control on the livestock industries.
Universities.

The Universidad Nacional Agraria (UNA) and the

Universidad Nacional Mayor de San Marcos (UNMSM) seem to be the
most interested and active in the overall problem of the lomas
and their people.

UNA has the Centro de Investigaciones de

Zonas Aridas (CIZA), which is actively doing research on vari
ous aspects of the lomas, including:
socioeconomic, and others.

archaeological, ecologic,

Some members of the faculty at

these two universities are very knowledgeable about the differ
ent aspects of the lomas and have made diverse studies at
various lomas.

Other groups that interact with the lomas in a more direct and
localized manner can be identified.

These are:

1.

The lomeros, already discussed in Chapter 1.

2.

The coastal shepherds.

These are people living in the coastal

towns near the lomas, who use the lomas to graze their live
stock.

As expressed by Nolte (1977, personal communication)

in a consulting interview with members of the i-team (Lima),
these people do not represent as serious a threat for the lomas
as the lomeros.

Most of their livestock consists of cattle,

which is not considered as damaging as goats.
3.

Foothills dwellers.

(NBD).

These are very poor people who

live in small towns in the foothills of the Andes and above
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the lomas.

Some of these people still use the lomas as a

source of resources, especially firewood.
4.

City dwellers.
coastal cities.

These are the urban population of the larger
These people may use the lomas for recreation:

camping, picnicking, hunting, etc.
5.

Owners.

A loma may be owned by the town or the central gov

ernment, by private owners, or by "comunidades campesinas"
(peasant cooperatives).

The owner exerts direct control of

the loma, particularly the two last ones.
6.

Purveyors.

These are middlemen who trade with the lomeros.

They may not have a direct effect on the lomas, but they play
an important role in the lomero-loma-market system.

The above list describes the most important agents that may act
upon a loma.

These agents and their interactions should be considered

as components of a larger system that contains each loma.

The target

system will have to interact eventually with these components too, in
addition to a more direct control of the loma itself.
An environmental sector that must also be considered is cli
matic factors, particularly precipitation, temperature, solar radia
tion, and fog.

Rather complete meteorological records are available

for the Lachay loma.
The above sectors of the system environment can be regrouped
and classified into two groups.

The external sectors, over which the

target system does not have control:

Government, which groups ONERN,
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DGFCT, DGFF, and sanitary control; universities, which include UNA/CIZA
and UNMSM; climate, which includes precipitation, temperature, fogs,
and solar radiation.

The controllable sectors are:

the loma ecosystem,

the shepherds (both lomeros and coastal), nearby dwellers (NBD), owners,
purveyors, and public (i.e., the urban coastal population as a market
for recreational services).

Figure 4.1 depicts the sectors involved in

the problem as it looks today; Fig. 4.2 shows how these sectors become
the environment of the target system.
Following the format given in Chapter 3, the environment can
be defined as follows.
ENVIRONS

=

EXTERNALS =

(SECTORS,INPUTSETS,OUTPUTSETS)
{GOVERNMENT,UNIVERSITIES.CLIMATE}

CONTROLABLES = {SHEPHERDS,NBD,PUBLIC,OWNERS,LOMA}
SECTORS

=

EXTERNALS U CONTROLABLES

Then comes the definition of the input and output sets of these
sectors.
INPUTSETS

=

X {INPUT E.: E. e SECTORS}
— J
3

where INPUT_Ej is the set of possible inputs that the target system
receives from sector E^.

A similar notation is used for the outputs

of the target system that are accepted by the controllable sectors.
The definition of INPUTSETS and OUTPUTSETS is illustrated for one case
here, and a list of possible categories of inputs and outputs is pre
sented in Table 4.1.

The complete definition of input and outputs
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Fig. 4.1.

Sectors Involved in the Lomas Problem.
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Table 4.1.

SECTOR

Examples of Inputs and Outputs.

INPUTS

OUTPUTS

Government

Regulations
Policies
Funding
Special Programs
Queries

Response to Queries
Funding Requests
Requests for Legislation
Yearly Reports

Universities

Funding Special Programs
Expertise
Basic Research Results

Data
Demand for Expertise
Research Proposals

Owners

Certain Local Decisions
Capital
Manpower

Income
Status of Loma

Public

Demand for Recreation
Fees
Feedback

Recreational Services
Adv er t is emen t

Dwellers

Demand for Resources
Manpower

Services
Income
Education
Resources

Loma

State of the Loma:
fauna, flora, soils,
water, pastures,...,
climate

Vigilance
Intrastructure
Improvement of State

Shepherds

Demand for Services
Lease Requests
Info, on their Status

Leases
Grazing Control
Technical Assistance
Education
Basic Services
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requires a detailed study of the sectors involved; such a study has not
yet been carried out.
As an example, only the inputs and outputs for the sector
SHEPHERDS are defined here as follows.
INPUT_SHEPHERDS

=

(XIN11,XIN12), where XIN11 is lease requests

per season and is defined as XIN11 = (XIN111,XIN112,XIN113) with XIN111
as number of sheep, XIN112 is number of goats, and XIN113 is number of
other animals requested to graze in a season, and measured in animal
days.
XIN12 is shepherd status and is defined as:
XIN12

=

(XIN121,XIN122,XIN123) where XIN121 is median per capita

yearly income in $, XIN122 is average educational level (as defined in
a later section), XIN123 is number of families coming in for the season.
XIN13 is income from shepherds and is defined as:
XIN13

=

(XIN131,XIN132) where XIN131 is grazing fees collected

from shepherds in the season, XIN132 is other income collected from
shepherds in the season.
OUT_SHEPHERDS

= {(XOUT11,XOUT12,XOUT13)} where the elements of

the triple are leases, services provided, and education, respectively,
and are defined as follows:
X0UT11

=

(X0UT111,X0UT112,X0UT113,X0UT114,X0UT115)

where the elements of the 5-tuple are, respectively, number of goats,
number of sheep, and number of other animals accepted, number of fami
lies admitted, and number of families rejected.
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X0UT12

=

(X0UT121,X0UT122,XOUT123) where the elements of this

triplet are, respectively, number of vaccinations, number of supple
mentary rations, and total M3 of water provided during the season.
X0UT13 is measured in pupil-hours delivered during the year.

Definition of Objectives and Objectives Tree
The aim here is to obtain the client's objectives, to explore
their interactions and to present them in the form of an objectives
graph (Warfield, 1976).

While giving the systems team valuable in

sight into the problem, this graph also facilitates the task of de
fining the system's objectives or mission, and the formulation of
mission performance criteria.

The five substeps given in Chapter 3

are followed here.

Substep 1:

Initial Objectives List

In this particular case, which is by no means atypical, the
client never came up with a well-defined list of objectives.

Instead,

a list of objectives was deduced from discussions about the problem
and about the desirable things that the project should bring about
for the lomas.

The following objectives were first obtained from dis

cussions with the client.

1.

Reverse the desertification process; that is, to reverse the
advance of the desert at the expense of the lomas, and to
reverse other indicators of desertification discussed in
Chapter 1.

2.

To restore the natural springs and waterholes ("puquiales").
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3.

To foster the development of the vegetation.

That is, to

reintroduce the threatened or departed plant species and to
foster their reproduction.

The ideal would be to restore the

forests that once existed in the lomas.
4.

To foster the development of wildlife.

That is, to reintro

duce threatened and departed species, and to foster their
development and reproduction.
5.

To reforest the lomas.

6.

To control grazing.

7.

To create a permanent harmonic relation between man and eco
system (ONERN, 1974, "Policy Guidelines for Natural Resources
Conservation").

8.

To optimize the productivity of the lomas in order to improve
the standard of living of the lomas people through the rational
use of the lomas resources.

9.

To produce income for the owners and for the direct users of
the loma.

10.

To educate the lomas people concerning the conservation of
natural resources.

11.

To improve the standard of living of the lomas people.

This is

a general objective of any enterprise undertaken by the govern
ment; but also it is related to the recovery of the lomas be
cause the human pressure on the lomas is in part due to the
poor living conditions of their people.
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12.

To increase the water input.

13.

To make rational use of the lomas resources.

That is, to use

the resources of the lomas while allowing for their regenera
tion.
14.

To provide controlled tourism.

That is, to make the lomas

available to the public of the major coastal cities for recre
ation purposes.

Substep 2:

Expansion of the List of Objectives

The list of objectives obtained above is by no means complete,
perfect or exhaustive.

Some objectives are so general and vague as to

be practically useless; others are so specific as to be considered tasks
or activities.

Furthermore, the relationships among these objectives

are not explicit.

The aim here is to expand the list of objectives by

subdividing each objective into more specific subobjectives whose
realization contributes to the objectives at hand.

This is done by

considering each objective in the list and asking the questions:
(1) to which higher level objectives does the realization of this ob
jective contribute directly?

(2) which lower order objectives directly

contribute to the realization of this objective?
questions should be completely uncensored.

The answer to these

This step could be regarded

as a form of "brainstorming", where a large number of potential objec
tives are added to the list.
The second part of substep 2 is to edit the expanded list which
includes:

(1) reword each objective to put it in the form
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TO

(ACTION)

+

(OBJECT OF THE ACTION)

+

(MODIFIERS)

as suggested by Warfield (1976); then explain clearly what the objec
tive means and its scope.
or duplicated.

(2) Eliminate objectives that are irrevelant

The expanded list of objectives is presented in Appen

dix A.

Substep 3: Study the Subordination
Among the Objectives
The purpose of this step is to generate the interaction matrix
of the objectives, that corresponds to a graph with general, high-level
objectives on top and specific, activity-like objectives at the bottom.
Basically, what is done here is to compare each pair of objectives in
the list and to determine which way the subordination relationship
points if it exists.
up the process.

There are computer based methods that will speed

The one used here is an implementation of "Interpretive

Structural Modeling" whose basic feature is to infer some of the rela
tionships by assuming transitivity, and so cut down the number of pairs
that need to be compared.

Using a computer implementation of ISM it

took this author three hours to analyze 54 objectives, considering
pairs at an average rate of three per minute.

The following practical

hints resulted from the experience.
1.

Do not include in the ISM analysis the very low-level objec
tives so specific that they can only be related to the objec
tive immediately above them.

This in order to cut down the

number of irrelevant comparisons.
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2.

Consider only strong or direct subordination relationships or
otherwise the resulting graph will have arrows going from
every node in the graph to almost any other node.

If ISM

is used, word the computer dialog something like:

"Does

objective A STRONGLY (OR DIRECTLY) contribute to objective B"?
3.

Word the objective statements to be used in the dialogue in a
very precise manner in order to avoid changing their meaning
or their scope in the middle of the analysis.
do not say:

For example,

"Provide Tourism", but "Provide tourism at the

loma for the urban coastal population".

Substep 4:

Draw the Objectives Graph

The output of substep 3 is the self-iteration matrix of the
objective.

It encodes the objectives graph according to the pairwise

comparison of step 3.

It is then necessary to draw the graph to visu

alize the subordination relationship between the objectives.

The low-

level objectives that were excluded from the ISM analysis (see hint 1
above) should be added at this point.

Substep 5:
Tree

Revision of the Objectives

The objectives graph must be presented to the client for reevaluation.

Starting from a small input from the client (substep 1)

the i-team has generated the rest of the information based on its
collective knowledge about the problem and the specialized knowledge
of each member of the team; so it is necessary to reach an agreement
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with the client that the objectives tree indeed represents his objec
tives structure.
The Loraas' client is not available for feedback at this stage
of the project; so the revision of the objectives tree has been done
on the basis of minutes of earlier meetings and a preliminary evalua
tion of the objectives made by the client.

Reviewing the notes of the

field work in Lima, the following points must be considered.

1.

The main objective of the client is to "reverse the desertifi
cation and make rational use of the natural resources of the
lomas".

2.

The tourism objective has been added because it is one of the
objectives of "Forestal y Fauna" in relation with the national
reserve at Lachay, which they administer.

However, it seems

that providing tourism is just another manner of making ration
al use of the loma, along with grazing, forestry, etc.
3.

The standard of living objective was added by the interdiscipli
nary team in a preliminary analysis of objectives.

The main

reason for the existence of this objective is the conviction
of the team that in order to reduce the human/livestock pres
sure on the loma it is necessary to improve the standard of
living of the lomas people.

It is in part because of their

low standard of living that they cannot afford to save the
loma now.
4.

A preliminary analysis of objectives was done in Lima, starting
with the phrase "reverse the desertification process of the
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lomas" and a preliminary objectives graph was produced with
the 14 objectives listed in substep 1.

The client (Dr. Carlos

Lopez-Ocana, director of CIZA) was then asked to assess the
relative importance of each objective.
cases:

He considered two

(1) if the loma is used as a park; (2) if the loma is

exploited by the community (peasant cooperative).

Table 4.2 shows the relative importance weights given by the
client according to the following convention:

5 = "si-ne-qua-non"

objective; 4 = very important; 3 = important; 2 = not too important;
1 - irrelevant.

The two answers given by the client denote the exis

tence of two different manifestations of the problem.

On one hand is

a loma under government control which has been decreed a national re
serve (Lachay); and on the other hand we have a loma that is going to
be exploited by a peasants cooperative (Iguanil).

Actually, each loma

or cluster of lomas is a different case with a different combination
of ownership, shepherd/dwellers pressure, location, state of degredation, etc.

So the design exercise should be run for each case because

a different "system" will be necessary each time.

The methodology has

been defined in general terms, so that by running it for a given loma
the "optimum" system may be determined.
Before defining the systems mission, the objectives graph must
be redefined in accordance with the above considerations.

After re

viewing the previous input from the client the following conclusions
are reached.
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Table 4.2.

Relative Importance of Objectives According to Client.

Obj ective

Importance
Case 1

Case 2

Stop desertification
Restore vegetation

4

2

Restore wildlife

2

2

Increase fog deposition

5

2

Reforest

4

2

for economic use

2

2

to increase water input

4

2

1

5

Scientific use

5

1

Recreational use

5

2

Income production

1

5

Control exploitation

1

5

control grazing

1

5

control tourism

1

4

control logging

1

4

control pumping

1

4

1

1

Control grazing

Rational use of the loma

Increase standard of living
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1.

The main objective is to recover the loma and use it ration
ally.

This implies the exploitation of its resources to

obtain benefits and at the same time to prevent the degredation and the exhaustion of such resources.
2.

The standard of living objective is a secondary objective in
the context of this project.

It plays two roles here.

First,

as a high level remote objective, because "saving the loma"
will contribute in part to improve the standard of living; and
the only reason the government should undertake this enterprise
is for the benefit of the people.

So one of the performance

criteria for the system should be the benefit of the lomas
people.

The second role is as an instrumental objective be

cause increasing the standard of living, the pressure on the
lomas resources will be reduced.

Strictly speaking, the in

crease in the standard of living in its second role is also
part of the technology because it is another way to preserve
the natural resources of the lomas.
3.

The provision of tourism 'is definitely not an objective, but
a means of making rational use of the loma.

In this sense

the provision of controlled tourism is part of the technology
available to achieve the systems objectives.

Taking into account these conclusions, the objectives tree has
been revised and its final form is shown in Fig. 4.3.
here that this is what the client wants for the lomas.

It is assumed
His total

acceptance is required before making any other decisions in the project.

Fig. A.3.

Final Objectives Tree.

132
For illustrative purposes, these objectives are adopted in the present
exercise.
To put the objectives tree into the IP format, then:
OBJSTRUCTURE

=

OBJSET

=

(OBJSET,CONTRIB)
^20^

w ^ ere t " ie

°i

are

defined in

Table 4.3; CONTRIB is defined in Fig. 4.3;
LOWEROBJECTIVES

=

^®Q_2'^11'^10'^13'^15'^16'^19'^20'^7'^8'^9^

The Technology and Resources
Not much information has been gathered so far in this area,
mainly because it was considered that a detailed study of available
resources and technology should be done right before or during the
design stage.

The reason is that the technology for the lomas problem

is very unrestricted.

Within the design procedure outlined Chapter 3,

after a functional analysis of the objectives, implementors are deter
mined for the elementary functions.

It seems reasonable to expect that

at that point, the functional needs so determined will serve to retrieve
from the designers' minds several alternative ways to achieve each ele
mentary function.

In this manner, due to the unrestricted nature of

the technology, it is left undefined, "sitting in the minds of the de
sign team members".
The following are examples of elements in the technology.
Water collection means, including natural and artificial fog collectors,
pumping equipment; water storage and distribution alternatives including
reservoirs, pipelines, and channels; irrigation technology; grazing
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Table 4.3.

Final List of Objectives.
Ob.j ective

0^

Reverse desertification and preserve the natural
capital of the lomas

O2

Exploit the lomas resources for the benefit of the
lomas people

0^

Restore and preserve the vegetation of the lomas
Restore and preserve the wildlife of the lomas

05

Restore the water output of the lomas

0g

Restore and preserve other lomas resources (soils
and archaeology)

0^

Allow the shepherds to benefit from the lomas
resources

0g

Allow the owners to benefit from the lomas resources

0g

Allow the NBD to benefit from the lomas resources

0-^Q

Restore and preserve the arboreous vegetation

0-^

Restore and preserve the pastures

0^2

Restore and preserve other vegetation

0.^2

Restore and preserve the mammals of the lomas

0^

Restore and preserve the birds of the lomas

0^

Restore and preserve the reptiles of the lomas

0.,,

Restore and preserve other animal species of the
lomas

0.^^

Increase the water collection capacity of the
lomas

0^g

Restore and preserve the "puquiales"

O.^g

Restore and preserve the soils of the lomas

0-2q

Protect the archaeological patrimony of the lomas
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control techniques such as fencing, watering and feeding; animal and
plant species usable.
As far as limited resources, it seems at this moment that the
only limiting resources are monetary, manpower, space and water.

Mone

tary resources may be expressed as the present value of the cash flow
required by the system; manpower, especially labor, is not expected to
be a binding constraint but it has an upper bound which is the labor
availability in the region; this bound varies seasonally during the year.
The resource variables and constraints will be defined in the following
section, along with the other system evaluation variables and con
straints.

Definition of System Evaluation Variables
System evaluation variables have been divided into two cate
gories:

performance and technology, which in turn have been divided

into mission, secondary, resources, and effectiveness variables.
definition will follow the same sequence in this chapter.

Their

These vari

ables are defined mainly for system evaluation during design, and they
will be measured through simulation or other modeling techniques based
on system's characteristics and the input trajectories used.

Which of

these variables will be measured in the field to ascertain system
acceptability and how they will be measured corresponds to system test
ing and will be discussed later.

In any case, suggestions for field

measurement are given for most of the lower-level variables.

The defi

nition of the aggregation procedure, i.e., the functions fi.j...k will be
done in the section on the value system.

135
The lifetime of the system is assumed to be 20 years; so, for
system evaluation purposes during design all averages and expected
values are taken over simulated runs of 20 years unless otherwise speci
fied.

The 20 year period has been chosen out of convenience; perhaps a

longer lifetime should be considered in an actual application.

Uncer

tainty will be considered at the end, as a subjective assessment of the
probability of mission accomplishment.
The system evaluation variables should be defined by the inter
disciplinary team for their definition requires expertise in many dif
ferent areas.

Given an aspect of system evaluation, for example,

recovery of vegetation, the experts of the team should prepare the most
appropriate set of variables in terms of cost and measurement tech
niques, and to combine them into a value function that expresses the
desirability of any realization of the set of evaluation variables.
The following variables have been defined by a one person team, mostly
for illustrative purposes and as a basis to stimulate team discussion
and eventual generation of a more meaningful and realistic set of vari
ables.
System evaluation variables serve two purposes:

first, it is

over these variables that the merit ordering (or the value system) is
defined; second, the constraints in all four categories (of variables)
are also defined over these variables.

Coming back to the time and

sampling aspects of system evaluation, the following considerations
are opportune.

For the purposes of constraints it is more convenient

to use the trajectory of the variable (i.e., the sequence of 20 yearly
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values, or 240 monthly, or so); whereas for purposes of evaluation,
a 20 year average synthesizes better the information.

So, for conven

ience the variables will be defined here as instantaneous values
Xi.j...k, and later the trajectories will be transformed to define con
straints and actual system evaluation variables Yi.j...k which at the
end will constitute the figure of merit.

Mission Variables
Mission variables measure achievement of the system objectives.
Their definition is based on the objectives tree."'"
XI

=

f1(XI.1,XI.2,XI.3,X1.4)

The functional form and parameters of fl are defined according to foot
note 1.

The range of XI is R[0,100], and the variables XI.i i=l,4 are

defined below.
XI.1

VEGETATION RECOVERY.

It is a composite variable that

depends on the status of the native vegetation, the quantity of vege
tation cover and the proportion of perennial and annual vegetation.
The range of XI.1 is R[0,100], and it is defined as follows:
XI.1

=

fl.l(Xl.l.l

XI.1.6)

with fl.l defined according to footnote 1, and the Xl.l.i, i=l,6
defined below.

1. Unless otherwise stated, the functional form and parameters
of the value functions fi.j...k will be determined according to the
assessor's preferences and the preferential independence among the
arguments. The assessor may be an outside expert, a team member, or
the client, depending on the function being evaluated.
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XI.1.1 NUMBER OF NATIVE SPECIES PRESENT.

The range of XI.1.1

is the non-negative integers; however, there are plausible upper and
lower bounds consistent with the mission specification and the maximum
possible number of native species.

Its measurement in the field is

done by statistical sampling.
XI.1.2 TOTAL AREA COVERED BY VEGETATION.
mum area in a lomas season.

It refers to the maxi

The units are Hectares (Ha) and its range

is R[0, AREA_LOMA], where AREA_LOMA is the area of the loma being re
covered.

The measurement of XI.1.2 is done during August by direct

observation or by remote sensing techniques.
XI.1.3 WINTER BIOMASS.

It is the total mass of living vegeta

tion measured at the peak of the lomas season, the units are Tons, and
its range is the non-negative reals with plausible bounds based on the
mission constraints to be defined later.

The field measurement of

XI.1.3 is done by statistical sampling.
XI.1.A

SUMMER BIOMASS.

Only perennial vegetation lives through

the summer; it comprises mostly trees and some shrubs with deep root
systems.

XI.1.4 is the total mass of live vegetation measured at the

peak of the dry season, its units are Tons, and its range is the nonnegative reals.

It is measured in the field by statistical sampling.

XI.1.5 TOTAL TREE POPULATION.
all species standing in the lomas.

It is the number of trees of

It is estimated by statistical

sampling during the peak of the dry season.

138
XI.1.6 YEARLY PRODUCTION OF PASTURE AND FODDER.

It is the dry

weight of the yearly production of pasture and fodder suitable for
livestock consumption.
XI.2 WILDLIFE RECOVERY.
recovery of birds and mammals.

This variable is a function of the
Its range is R[0,100] and it is

defined as follows:
XI. 2

=

fl.2(XI.2.1,XI. 2. 2)

with F1.2 defined according to footnote 1, p. 136 and the XI.2.i de
fined below.
XI.2.1 NUMBER OF BIRD SPECIES PRESENT.

It is the total number

of bird species that can be observed at the loma throughout the year,
including resident and migratory species.
the lomas season.

Most of them occur during

The range of this variable is the non-negative

integers and the field measurement is done by direct observation.
XI.2.2 RECOVERY OF MAMMALIAN POPULATION.

Several species of

small mammalians such as gray fox and deer are extinct from the lomas .
since the thirties.

The overall recovery of the mammalian group is

measured as a function of the total number of species and the popula
tion of certain key species such as deer, gray fox and rabbit.

XI.2.2

is defined as
XI.2.2

=

fl.2.2(X:1.2.2.1,...,X1.2.2.5)

Its range is R[0,100] and the arguments are defined below.
XI.2.2.1 NUMBER OF SPECIES PRESENT.

It is the total number of

mammalian species that can be observed in the loma during the year.
It is measured in the field by direct observation.
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XI.2.2.2 DEER POPULATION.
living in the loma.

It is the average number of deer

Its range is the non-negative integers and field

measurement is by direct count or statistical sampling.
XI.2.2.3 GRAY FOX POPULATION.
XI.2.2.A GUANACO POPULATION.
XI.2.2.5 RABBIT POPULATION.
XI.3 SOIL IMPROVEMENT.

Same as XI.2.2.2.
Same as XI.2.2.2.

Same as XI.2.2.2.

This variable is the combination of

other variables measuring the various aspects of soil quality.

Since

a given loma may have different types of soils, this index is a ponderated sum of soil quality over the various soil types.

The range of

XI.3 is R[0,100] and it is defined as follows.
XI.3

=

I a(i) f1.3(X1.3.l(i)

X1.3.4(i))

where a(i) is the fraction of the total area (AREA_LOMA) that corre
sponds to soil type i, and the X1.3.j(i) are the parameters of soil
type i defined as follows.
XI.3.1 NITROGEN CONTENT.

It is the asimilable nitrogen in the

soil measured in percentage of weight.
XI.3.2 ORGANIC MATTER CONTENT.
over the first 20 cm of depth.

It is measured in % by volume

Field measurement is done by sampling

each soil type zone.
XI.3.3 SOIL DEPTH.

It is measured in centimeters, measured in

the field by statistical sampling and averaging over each soil type
zone.

Its range is the non-negative reals.
XI.3.4 EROSION.

Ha/Year.

It is the estimated average erosion in Ton/
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XI.4 WATER RESOURCES RECOVERY.

The recovery of water resources

of the loma is measured in terms of the water input from fog and ground
water recharge.
XI.4

=

Its range is R[0,100] and it is defined as:

f1.4(XI.4.1,XI.4.2)

with fl.4 defined according to footnote 1, p. 136, and the arguments
defined below.
XI.4.1 TOTAL WATER COLLECTED FROM FOG.

It is measured in M3

and its field measurement will be in terms of the types and quantities
of vegetation coverage, their water collection capacity and the avail
ability of atmospheric water.

It includes natural and artificial col

lection.
XI.4.2 NUMBER OF WATERHOLES FLOWING.

This is an indirect mea

sure of ground water recharge and effectiveness of water collection.
The availability of natural waterholes also favors the development of
wildlife.

XI.4.2 is measured in absolute numbers, and its field mea

surement is by direct inspection.
X2 RESOURCE EXPLOITATION.
other variables:

This variable is composed of two

use of the resources, i.e., how much does the system

produce in the loma, and benefit for the lomas people.

The range of "

X2 is R[0,100], and it is defined as:
X2

=

f2(X2.1,X2.2)

with f2 defined according to footnote 1, p. 136, and X2.1 defined below.
The assessment of f2 is also illustrated in Appendix C.
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X2.1 USE OF THE RESOURCES.
wealth and the production of food.

This measures the production of
The range of X2.1 is R[0,100] and

it is defined as:
X2.1

=

f 2.1(X2.1.1,X2.1.2)

with f2.1 defined by footnote 1, p. 136, and the X2.1.i defined below.
X2.1.1 YEARLY VALUE OF PRODUCTION.

It is estimated as the sum

of the grazing and recreational fees plus the market value at the town
closest to the loma of the following:

agricultural products, timber

and wood extracted, livestock products:
X2.1.2 PROTEIN PRODUCED.

meat, milk, and cheese.

It is the total quantity of protein

for human consumption produced in the loma in one year.

It is measured

in Kg, and it includes both animal and plant protein.
X2.1.3 CARBOHYDRATES PRODUCED.

It is the total amount of car

bohydrates for human consumption produced at the loma in one year.

It

is measured in Kg.
X2.2 BENEFIT TO THE LOMAS PEOPLE.

It measures on a 0-100 scale

the benefit produced for the lomas people.
X2.2

=

This variable is defined as:

f2.2(X2.2.1,X2.2.2,X2.2.3)

with f2.2 defined according to footnote 1, p. 136, and its arguments
below.
X2.2.1 BENEFIT TO THE SHEPHERDS.

It is a combined function

that measures their benefit on a 0-100 scale.
X2.2.1

=

f2.2.1(X2.2.1.1,X2.2.1.2)

It is defined as
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with X2.2.1.1 = number of animals grazed per season per shepherd family,
and X2.2.1.2 = median per capita yearly income.
X2.2.2 BENEFIT TO THE OWNERS.
of the owners' net income in a year.

It measures the utility or worth
It is defined as f2.2.2(X2.2.2.1)

where X2.2.2.1 is the net per capita yearly income for the owners.
X2.2.3 BENEFIT TO NBD.

It measures on 0-100 scale the combined

worth of number of jobs generated and total salaries paid in one year.
X2.2.3

=

f2.2.3(X2.2.3.1,X2.2.3.2)

with X2.2.3.1 = number of full-time jobs generated per year and,
X2.2.3.2 = total salaries paid in Soles.

Specific Definition of Owners, NBD,
and Shepherds
For a given loma, the owners are the ones who have legal pos
session of the land, the shepherds are the ones who on a regular basis
use the loma for grazing.

To set a tentative (and arbitrary) rule,

shepherds are defined as those who have used the loma for the last
three years or more prior to the beginning of the study of such loma.
They should be identified as part of the preliminary survey.

The NBD

(nearby dwellers) are not defined as those people who live within 10
Km of the loma and not in urban or village areas, or those who regu
larly have used the loma for three years prior to the beginning of the
study of such loma (another arbitrary tentative rule).

Secondary Variables
The above variables are called mission variables because they
are directly related to the satisfaction of the objectives.

Under the
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secondary category are included all other variables or criteria that
are not essential to the objectives of the system but that are either
desirable or constrain in any way the performance of the system.

In

the case of the lomas, it is desired not to deteriorate the standard
of living of the lomas people; however, it is not the mission of the
system to improve their standard of living.

This is why the standard

of living (SOL) variables are put in this category.
X3 STANDARD OF LIVING OF LOMAS PEOPLE.

This variable will be

measured over all three groups that compose the lomas people.
averaging takes place at the elemental variable level.

The

In other words

the population over which these variables are measured is all the lomas
people as defined in the above paragraph but without regard to the group
to which they belong.

X3 is measured on 0-100 scale and is defined as

follows:
X3

=

f3(X3.1,...,X3.5)

with f3 defined according to footnote 1, p. 136, and the X3.i defined
below.
X3.1 QUALITY OF HOUSING.
X3.1

=

Its range is 0-100 and is defined as:

f3.1(X3.1.1,...,X3.1.5)

with f3.1 defined according to footnote 1, p. 136, and the X3.1.i as
follows:
X3.1.1 = living space (M2/habitant),
X3.1.2 = % of houses with running water,
X3.1.3 = % of houses with sanitary services,
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X3.1.4 = % of houses with electricity,
X3.1.5 = floors, walls, roof index, which measures on a 0-100
scale the average structural quality of the dwelling unit.
These five measures are averaged for all the lomas people.

The field

measurement of these variables is done by statistical sampling, or
from census information.
X3.2 QUALITY OF HEALTH.
X3.2

=

It is measured on a 0-100 scale as:

f3.2(X3.2.1,X3.2.2)

with the arguments defined as follows:
X3.2.1 = life expectancy (average age at death),
X3.2.2 = infant mortality = % of babies that die before 2 years
of age, these variables may be measured from civil records.
X3.3 QUALITY OF NUTRITION.

This has a 0-100 range and is

defined as follows:
X3.3

=

f3.3(X3.3.1,X3.3.2,X3.3.3)

with f3.3 defined according to footnote 1, p. 136, and the X3.3.i
defined as the yearly average of the daily intake per person ?f:
X3.3.1 = calories, measured in calories,
X3.3.2 = protein, measured in grams,
X3.3.3 = carbohydrates, measured in grams.
These variables will have to be measured in the field by a direct
sample of the population.
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X3.4 INCOME.

It is the total average yearly income per capita,

and it is measured in Soles.
X3.5 EDUCATION.

Measured on a 0-100 scale, it is a function

of three variables defined as follows. '
X3.5

= f3.5(X3.5.1,X3.5.2,X3.5.3), with:

X3.5.1 = % of children under 15 years of age attending school,
X3.5.2 = % of literacy among people over age 15,
X3.5.3 = Hours of technical and skills education delivered per
adult per year.
X3.5.1 and X3.5.2 can be obtained from school records, X3.5.2 is ob
tained from census information or by sampling the population.
X4. RECREATIONAL VALUE.

Recreational uses were deemed desirable

for the lomas project because it would serve the urban population of
the coast and at the same time exploits rationally the lomas resources.
X4 will be measured as the total number of visitors per year.

Resource Utilization Variables
According to previous considerations, they are defined as
follows.
X5 COST.

It is the yearly undiscounted cost, i.e., the cost

of the system for any given year.

It is defined as the difference

between expenditures and total income during the year.

It is assumed

that there is some agency in charge of the administration and funding
of the system.

Funds received by the system from sources other than
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the agency in charge are considered income.

This includes expected

value of grants from the government or international aid agencies, in
come from services provided or goods produced by the system.

For

example, if the system is implemented as a government agency, the gov
ernment appropriations are not self-funding, but if such organization
receives some income from the management of the lomas resources, then
such income is considered self-funding.
X6 MANPOWER REQUIREMENTS PER YEAR.
full-time jobs used by the system.

It is the total number of

To take into account seasonal

variations of the labor pool in the region, the following variables are
defined:

X6.i (i=l,4); where X6.i is the number of full-time jobs used

by the system during the i-th quarter of the year.

System Effectiveness Variables
These variables measure desirable characteristics of system
implementation.
X7

SOCIAL COST.

It is measured as the number of families

deprived from the lomas resources during a given year.

This variable

measures the social disruption introduced by the system.

The base

population consists of the families that used the loma on a regular
basis in the three years previous to the implementation of the system
(cf. definition of shepherds, owners, and nearby dwellers in section
above).
X8 HISTORIC COST.

It is measured as the total number of

archaeological sites lost during the life of the project.
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X9 TIME TO 90% OPERATIONAL.

Measures the time in months re

quired to have the system at least 90% operational.
be estimated by the design team.

This value has to

No provision is made for uncertainty

here, but the 90% upper confidence limit may be used.
status of the system can be defined as follows.

The operational

Since the system is

bound to have many components, and since the mission accomplishment is
a matter of degree instead of a go/no-go situation, degree of opera
tionally is introduced here in terms of the status of the major com
ponents of the system.

The degree of operationality of the system will

be the weighted sum of the operationality of the functional components;
which in turn will be measured as the fraction of the design workload
that each component is capable of handling at a given moment.
X10 SYSTEM EFFECTIVENESS.
and most of the "ilities".
X10

=

fl0(X10.1

This measure combines response times

It is defined as follows:

X10.5)

with flO defined according to footnote 1, p. 136, and the XlO.i de
fined below.
X10.1 RESPONSE TIME TO QUERIES AND DEMANDSo
sources:

the lomas people, and others (external).

It involves two
It is measured on

a 0-100 scale and is a function of two variables as follows:
X10.1

=

f10.1(X10.1.1,X10.1.2),

with flO defined according to footnote 1, p. 136, and its arguments:
X10.1.1 = average response time to external sources (days)
X10.1.2 = average response time to lomas people (days).
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These two are measured when the system is 100% operational; the aver
aging is over the set of all possible requests from each source.
X10.2 AVAILABILITY.
operationality.

Defined as the yearly average degree of

It is measured on a 0-100% scale and its field mea

surement is based on system operation records.
X10.3 REPAIRABILITY.

It is measured in days, and it is the

average time it takes to restore 100% operationality after failures.
The actual field assessment of this variable is based on system opera
tion records.
X10.4 SURVIVABILITY.

It is defined as the probability of fal

ling under 50% operationality because of fire, vandalism or theft
during a given year.

This measure includes both the system vulnerabil

ity and the probability of fire or theft in the area.

The assessment

of this variable will have to be made rather subjectively by the mem
bers of the design team after an assessment of the system's vulnerabil
ity and the risks present in the area.
X10.5 AUDITABILITY.

Measured on a 0-100 scale, it is a sub

jective measure of the degree of control or supervision of the system
operation.

It could be given as the probability of catching irregu

larities over S/.

100.000.00 within two years of its occurrence.

That is, X10.5 for year t is the probability defined over years t
and t+1.
Xll ACCEPTABILITY.

This important variable measures the prob

ability of rejection by the lomas people.

The three groups:

owners,
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shepherds, and NBD are assigned weights according to their estimated
power to make the system fail.

The probability of acceptance may be

measured by statistical sampling; the weights will have to be assessed
subjectively by the team based on the actual political and economic
forces existing in the area.

Xll is expressed on a 0-100% scale and

represents probability of acceptance.
X12 RELIABILITY.

This is the only way used here to introduce

uncertainty considerations in the system selection procedure.

X12 is

defined as the probability of accomplishing the system mission, i.e.,
to go beyond the thresholds established by the mission constraints.
Unfortunately, the assessment of X12 cannot be based on an analytical,
nor even an objective framework.

X12 has to be an individual or group

subjective assessment of the system's probability of success.

Further

more, its value is so uncertain that it cannot be given much weight in
the final decision.

In view of the above, it is perhaps better to mea

sure it on an ordinal scale such as: {Very poor, poor, fair, good,
very good, almost certain}.
This ends the definition of the system evaluation variables.

Definition of System Mission
and Other Constraints
In this section upper and lower bounds will be imposed upon
the system evaluation variables just defined.

As stated in the previous

{
section, the evaluation variables (X) represent instantaneous values
along the lifetime of the system.
discrete, from 1 to 20 years.

The time scale has been assumed

In this section

X

will represent the
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sequence of 20 values taken by the variable
the trajectory X(t).

X, or more generally,

The constraints and the value system will be de

fined in terms of functions of these trajectories.

The following func

tions are defined.
max[x,t=i,j] = maximum{x(t),t=i,j}
min[x,t=i,j] = minimum{x(t),t=i,j}
avg[x,t=i,j] = l {x(t), t=i,j}/(j-i+1)
pw[x,t=i,j] = present worth{x(t),t=i,j} discounted at 12% per year
end[x,t=i,j] = x(j),
If the operators just defined are applied over the 20 year period,
the time limits are omitted.
The definition of the mission and other constraints requires
the knowledge of very specific data about the region and the problem
itself.

In spite of the efforts and frantic search during our stay in

Lima, only a very small fraction of the data needed is available; so
the quantities used here are for illustrative purposes only.

Although

they are arbitrary, an effort was made to maintain consistency among
the various assumptions.
sented in Table

The mission and other constraints are pre

,C.l of Appendix C.

Definition of the Value System
The value system was defined in Chapter 3 as a procedure for
evaluation and selection of alternatives.
components:

Theoretically, it has two

a figure of merit, which is a set of variables that mea

sure system performance; and an ordering defined over the space of
realizations of the figure of merit.
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The definition of the value system requires the determination
of the system evaluation variables, the client/l-team jurisdiction,
the aggregation procedure, and the final selection procedure.

The

assumption here is that the client does not participate in technical
evaluation.

Definition of Variables
A set of system evaluation variables has been defined in the
previous section; however, these variables are instantaneous values
and actually represent the trajectory of values throughout the life
of the project (on a discrete time scale from 0 to 20 years).

These

trajectories must be summarized somehow for evaluation purposes.

To

that end, the following functions have been defined and explained in
a previous section:

avg, sum, max, min, end, pw.

tion variables are also defined in Table

The system evalua

C.l of Appendix C.

They are

called y.j...k and the subindex i.j...k agrees with that of the X.vari
able on which Y is based.

Aggregation Procedure
If an actual or simulated 20 year run of an alternative sys
tem is done, its behavior will be summarized by 54 scores, from ave
rage number of species to reliability (cf. Table

£.1).

With exception

of a few variables (reliability, acceptability, survivability, and
time to 90% operational) these scores will vary between runs, so per
formance indices or expected values will have to be used.

But the
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main problem at this point is that nobody can make a judgment of 54
variables simultaneously.

So some aggregation procedure is needed.

Two levels of decision making have been recognized here:
i-team's and the client's.

the

The set of 54 evaluation variables is

divided into 12 branches or high level variables, and the tradeoffs
between variables within each branch are best defined by the respective
specialist.

The question of decision making juristiction is resolved

here as follows.

Since it is assumed that the client does not have the

competence to make judgments in several highly technical areas, the
i-team will define all the tradeoffs and value functions below the 12
high level variables, and the client will express the tradeoffs between
these high level variables.
The use of MADM concepts and principles stems from the need to
have a value function that is consistent with the assessor's prefer
ences.

In other words, the team members represent the good profession

al judgment in each discipline, and it is desirable that the resultant
evaluation system be consistent with such preferences.

It is believed

here that adhering to MADM principles will make that consistency more
likely to occur.
Once the evaluation is brought up to this point (that is, to
aggregate the 54 basic variables into 12) there are several alternative
ways to proceed.

One is to continue the value function approach and

define tradeoffs between the 12 high level variables so that a single
value score can be associated with each system.

Another way is to use
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a multiattribute choice procedure such as ELECTRE to select among a
set of nondominated alternatives generated by the design team.

This

has the advantage that only weights must be defined for the 12 high
level variables (instead of complicated value functions).

Any depen

dencies among the variables are taken into account implicitly by the
method.
The assessment of a multivariate value function is a compli
cated matter for which an algorithm or step-by-step procedure does not
exist.

Only the principles and theorems of MADM theory are available

to guide the analyst in such task.

The structure of the problem and

the evaluation tree must be exploited as much as possible in order to
facilitate the evaluation of the value function.

The following facts

and assumptions will be used in the ensuing illustration of the assess
ment of a value function for the lomas problem.

(1) A higher than

3-variate value function cannot be assessed by direct methods; (2) de
pendencies can be weakened by reducing or splitting the ranges of evalu
ation variables; (3) the effect of one variable upon the tradeoff
relationships between two other variables can only be discriminated by
the assessor only up to three levels of the first variable.

For ex

ample, if cost has an effect upon the tradeoffs between standard of
living and ecologic recovery, it is assumed here that tradeoff coeffi
cients for three levels of cost (low, medium, high) are sufficient
approximation to the true effect of cost upon these tradeoffs.
The first thing to do is to partition the set of evaluation
variables into preferentially independent (PI) subsets, using the
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subsets already determined by the evaluation tree.

These sets are:

Y1

Ecologic recovery

Y2

Resource exploitation for the benefit of the lomas people

Y3

Standard of living

YA

Recreational value

Y5

Net cost

Y6

Manpower requirements

Y7

Social cost

Y8

Historic cost

Y9

Time to 90% operational

Y10

System illities (effectiveness)

Yll

Acceptability

Y12

Reliability

The aim here is to partition the value function
F(Y1.1.1.1,...,Y12) into F(fl(Yl.l.l

Yl.1.5),...,fl2(Y12)).

In order to do this it must be verified that preferential independence
exists among the 12 subsets just defined.

In other words, it must be

verified that tradeoffs between the variables of a subset do not change
with the level of achievement of variables in all other subsets.

If

strong dependencies are found between two or more subsets, they should
be put together in one subset.

The following approximate method was

used to test dependencies among the subsets.
1.

Set all variables at an intermediate level.

The range of most

variables has been determined by the constraints.
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2.

Ask the team specialists to agree upon the relative importance
of the variables within each subset.

3.

For each one of the remaining subsets, ask the team specialists
whether or not the relative importance of the variables in
their subset changes with a very high or a very low level of
achievement of the variables in the other subsets.

The first part of Appendix C summarizes the assessment made by
the author, following the above procedure.
Table

It is verified through

C.l of Appendix C that no strong dependencies exist among the

subsets defined, so the overall value function can be partitioned as
F(fl(Yl.l.l

Yl.1.5)..,fl2(Y12)).

Now the overall value function F and the branch functions fi's must be
determined.

With the exception of fl,f2,f3, and flO, all the branch

functions are univariate and may be assessed using any of the direct
methods considered in Chapter 3.

Since it is impractical, if not

impossible, to assess directly a multivariate value function for more
than 3 variables, the strategy is to partition the sets of variables
using preferential independence assumptions.

Dependencies can be weak

ened by reducing the ranges of variables or by dividing the ranges into
several levels.

This should take care of most dependencies; but if

after all the simplifications one is still faced with the direct assess
ment of a higher than 3-variate value function, the variables should be
redefined to avoid dependency.
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The assessment of the branch value functions is illustrated for
Y2 only in Appendix C.

The final value function F that aggregates the

branch functions (fi) into a single value score is not done here because
it follows basically the same procedure, and also because there is the
alternative to use other choice procedures at the client level.

In any

case, the following considerations are deemed pertinent for such a func
tion.
The model recommended here to aggregate the individual value
functions is:
V

= I [K ±(Y)*V ± (Y i )].

The reason to have the tradeoff coefficients (K.'s) as functions of the
1

Y vector is that it permits to take into account the dependencies.

The

model V = I [K ± *V ± (Y )] is a rather robust model, but it requires mutual
preferential independence (MPI), a condition that does not hold in the
case under study.

In order to take care of the strongest dependencies

the ranges of some variables will have to be split and the K's adjusted
for the different intervals.
After the branch value functions have been defined, a procedure
to assess the tradeoff coefficients

could be to determine first the

dependencies by assessing whether or not very high or very low levels
of Y^ (i=l,12) do affect the relative importance of the other variables
Yj (j=l,12, j^i).

By recording this information on a table it will per

mit to determine subsets of MPI variables, and the variables whose
range should be split in order to weaken dependencies and to assume MPI
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locally.

Assuming that m ranges are split, the tradeoff coefficients

K1,...,K12 should be assessed for each one of the 2^ "cells" in the
Y-space.
The assessment of the K / s can be carried out by setting up a
system of equations and inequalities obtained through client's state
ments of preference or indifference between carefully chosen n-tuples
(Y„,Y„,...,Y )', (Y,,Y„,...,Y )".
12
'n '
1 2'
n

An illustration of such assessment

can be found in Keeney and Raiffa (1976, p. 121).

It must be emphasized

that the definition of a complete ordering (i.e., a scalar valued value
function) is not absolutely necessary.

Furthermore, if the client is

not available for the assessment of such a function, the use of other
multiattribute choice procedures, such as ELECTRE (Roy and Bertier,
1971, II; or Roy, 1977, III), Q-Analysis (Armijo, Casti, and Duckstein,
1978), or even the lexicographic method (cf. Chapter 3) is strongly
recommended.

System Testing in the Lomas Problem
Some comments considered pertinent will now be made on system
testing.

Besides time and space limitations, other reasons for not

performing a fully developed example of system testing are the need
for specialists to provide the state-of-the-art in measuring technology
for each variable, and the need for a complete definition of all the
input variables, in order to define a set of experiments.

The elements

of system testing as defined in Chapter 3 (OPERDEF, EXPERIMENTSET,
MODELINGRULE, and ACCEPTRULE) are now discussed briefly in the context
of the Lomas problem.
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OPERDEF
The operational definition of the system evaluation variables
is a rather straightforward matter after the value system and the con
straints have been defined.

It is just a matter of recording the ex

pert's recommendations on the time, space, and sampling considerations,
and the error allowances (tolerances) for each variable.

In the loihas

problem, thanks to the backup of the Universidad Nacional Agraria the
expertise needed is readily available within its faculty.
of an entry in OPERDEF is the following.
biomass.

An example

Assume the variable is winter

The operational definition could be as follows:

"Winter Bio-

mass will be measured in tons over the entire area of the lomas; the
date of the measurement is August 31; the entire lomas area will be
stratified according to the type of vegetation, and randomly selected
plots of 30 by 30 centimeters will be harvested, dried, and weighed.
Trees and shrubs over 20 cm tall shall not be cut but their weight esti
mated by the following procedure....", etc.

EXP ERIMENTS ET
Once the input trajectories are defined, it is a matter of
selecting those that are considered strategically more important and to
associate importance weights to each one of them.

If Montecarlo simu

lations are used, the probability distribution must be determined or
assumed for each variable or set of variables.

Although unlikely, due

to the size and complexity of the problem, statistical design of experi
ments could be attempted.
lows:

An example of an input component is as fol

"The climatic component of the inputs is generated by the
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following model.

Monthly precipitation is distributed Gamma; number

of fog days in a month is distributed Binomial; for water content,
given a fog day, is distributed Lognormal; sunny days in a month is
the complement of fog days; the parameters of these distributions will
be estimated from the last 30 years of data taken at the Lachay sta
tion;..." and so on.

MODELINGRULE
It is the procedure for conformance testing; i.e., to determine
if Zr is an adequate model of ZREAL.

The solution system for the lomas

problem is likely to be an organization; that is, an assemblage of
people, equipment, and procedures.

The blueprints for such system will

be in the form of manuals, charts, even legal documents.

It seems

that the most appropriate way to approach the question of conformance
of ZREAL is through actual or simulated test runs, and comparison with
the behavior of Zr.

ACCEPTRULE
Finally, the acceptance rule for the lomas problem should be
based on the capability of ZREAL to fulfill the mission (ecologic
recovery and resource use for benefit of lomas people), and satisfy
the secondary constraints (maintain or improve standard of living of
lomas people).

A way to estimate these traits in ZREAL is to observe

the system behavior and the response of its environment for the first
few years of operation.

Special detailed records will have to be kept

during the test phase, and it is part of the acceptability rule to
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define these records, explain how they will be taken, kept, and used
to infer future system behavior, and finally come to a decision about
the acceptability of ZREAL.
This concludes the illustration of how the methodology can be
applied to the lomas problem.

Besides an illustration, it was also a

dry run of the methodology where some of the concepts and methods pro
posed were tested in this hypothetical setting.

In the next chapter

the experience will be appraised, discussed, and final conclusions will
be drawn.

CHAPTER 5

DISCUSSION AND RECOMMENDATIONS

In this chapter a final evaluation of the preceding work is
made.

The chapter consists of a brief summary followed by a discus

sion of some points raised in previous chapters, then recommendations
for future steps in the lomas project are made.

The chapter is closed

with a set of concluding remarks.
Summarizing this dissertation, the original goal was to use
the systems approach in natural resources planning.
questions:

This entailed two

(a) is there a need for a systems approach to natural re

sources planning; (b) is there a systems design methodology applicable
to natural resources planning?

It was found in the review of the lit

erature that there is indeed a need for a systems approach to natural
resources planning and to the solution of complex socio-environmental
problems such as the Lomas problem.

The existence of rather sophisti

cated models in all areas of natural resources planning including range
management, forestry, wildlife management, and ecology is considered
a good indicator of potential success for a systems approach in RNR
management, since a well developed modeling methodology is an important
ingredient for the successful application of the systems approach in
any area.
The second question was also explored in the review of litera
ture, and it was found that there is a number of more or less empirical
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system design technologies, and that T3SD could provide a much needed
theoretical framework to integrate all these methodological bits and
pieces into a coherent operational methodology.

Since it was found

that certain difficulties existed in the application of T3SD, the goal
was set early to define such an operational methodology to bridge the
gap between the real problem and the still relatively abstract arti
facts of T3SD.
Based on more empirical views of system design (cf. Review of
Literature), but keeping the T3SD framework as a reference, an opera
tional methodology has been developed in Chapter 3 to facilitate the
problem formulation in such a way that it provides all the elements
required by T3SD but it addresses the problem in terms that are more
familiar to the client and other persons in contact with the current
manifestations of the problem.

The proposed methodology also incorpor

ates principles and techniques from other areas such as multiattribute
decision making and interpretive structural modeling.
In Chapter 4, the application of the methodology was illustrated
by developing a statement of the major aspects of a hypothetical lomas
problem.

Since many aspects of the problem were assumed, no specific

conclusions for the actual lomas problem can be drawn from Chapter 4.
Nevertheless, some general recommendations from Chapter 4 are given in
a later section.
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Discussion of Some
Issues Raised through This Work
The first question is about the applicability of the method
ology in a restricted environment; in other words, is it worthwhile
or efficient to state the problem in so much detail when time and re
sources for design are severely limited?

It is sound management prac

tice in the case of complex systems to allocate a good deal of time
and resources to problem formulation before proceeding with design.
It is an assumption of this methodology that the client recognizes the
importance of planning and problem formulation and allocates resources
accordingly.

Under these circumstances, the methodology is indeed

applicable; furthermore, the degree of detail to which the eight steps
are carried out is rather flexible.

For example, the value system may

be a sophisticated multivariate utility function; or a simpler weighted
sum of performance scores; the resources can be defined in great detail
as part of the problem formulation, or left to be expanded during the
design stage.
Another question raised by this approach is the acceptability
by the client of the value system methodology.

It is not always easy

to convince the client or any expert to cast their preferences into a
value function.

For example, an anthropologist that was being consulted

on the standard of living of the lomas people flatly refused to assign
any importance weights to the components of this attribute because she
did not feel that weights would be enough to represent the complex
relationships among the attributes involved.

Unfortunately, it seems

that the only way to face this problem is through the client's
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cooperation, and the analyst's patience and inventiveness.

If one is

willing to sacrifice consistency with the client's preferences one can
resort to the contractual roll-up used in earlier applications of
SEMFIT, where weights and value functions are negotiated and finally
agreed upon without much concern with the form of the value function as
a model of anybody's preferences.

Another alternative is to partition

the evaluation in such a way that the client is presented with a set
of non-dominated alternatives to choose from.

In this case it is not

necessary to extract his utility function and simpler, less timeconsuming choice procedures, such as ELECTRE or even the lexicographic
method could be used.
An even more difficult facet of this problem is to quantify
the values and preferences of the lomas people.

It seems very diffi

cult to get them or any of their leaders to articulate their prefer
ences into a value function.

An imperfect but expeditous way to

overcome this difficulty is to ask the social scientists who work in
the area to serve as a representative of the interests of the lomas
people in order to assess their preferences.
A task that was apparently left unfinished in Chapter A was
translating the problem statement into SEMFIT format.
is it really necessary?

The question is:

A whole section was devoted in Chapter 3 to

explore the link between the "IP" formulation and the SEMFIT formula
tion, and it was verified that all the elements of a SEMFIT formulation
are in the IP formulation.

It is this author's opinion that as long as

the information required by the IP formulation is recorded in sufficient
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detail the translation to SEMFIT can be omitted unless it is desired
to apply the decomposition theory or other design theory that will be
developed within the SEMFIT framework.
There is also the question of what to do once the problem has
been formulated.

Two alternative procedures for systems design have

been generally outlined in Chapter 3.

This dissertation is only the

first step in a systematic approach to the solution of the lomas prob
lem; and the foundation of a sound system design is an accurate state
ment of the problem, which is just what has been attempted here.
Charting in detail the entire route from problem definition to system
disposal is too big a task to accomplish in one dissertation.

So, with

due apologies, it must be said that it is someone else's responsibility
to come up with a methodology for system design that fully benefits
from the thoroughness and detail of a problem formulation as advocated
here and in SEMFIT.

In any case, an ad hoc methodology can be imple

mented for the lomas problem following the ideas discussed in Chapter 3.

Recommendations for
Subsequent Stages of the Lomas Project
The field work carried out in Lima, Peru, between August and
early October of 1977 played a key role in the present dissertation.
The main goal of this author's presence in Lima was to gather as much
information as possible on the lomas problem by attempting a problem
formulation using SEMFIT/T3SD.
from that experience.

(1)

The following results were obtained

A good deal of information on the lomas

problem was gathered; (2) the applicability of SEMFIT/T3SD in natural
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resources planning in Latin America was field tested; (3) the difficul
ties encountered motivated the development of the present methodology.
With the development of this methodology a first stage has been con
cluded in the search for an integrated solution to the lomas problem.
Further stages in the solution of the lomas problem are:

to develop

a pilot project where one specific loma is recovered; and to expand
that experience to other lomas in Peru.
ect comprises four stages:

The execution of a pilot proj

problem formulation, system design, imple

mentation, evaluation, and policy formulation for a large scale program
involving all lomas.

The recommendations that follow apply to the

first two stages of the pilot program.
In order to formulate the problem a great deal of information
must be gathered about the lomas.

However, it is not a matter of going

out to the loma and making a survey of the geography, ecology, and
economy of the region.

The survey of the region should answer only the

questions posed by the problem formulation; anything else would be
waste.

The survey may be decomposed by sources of information; thus

there is information that must be collected at the loma; information
that can be obtained from previous studies; information about technolo
gical packages, that can be obtained through the faculty at La Molina,
and so on.
Due to the feedback relationship between the information survey
and the problem formulation, and to the set up cost of additional sur
veys, it seems advisable to do first a preliminary formulation.

In

this preliminary formulation the information needs for the detailed
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survey and the subsequent detailed formulation can be determined.

The

illustration of Chapter 4 suggests the following points to be included
in the preliminary survey.

(1) Delimitation of the area of study, in

cluding site of residence of shepherds, owners, and NBD; (2) a map of
the Loma; (3) a rough ecological status report including:

areas with

vegetation, water resources, status of wildlife; (4) report on the
grazing situation; estimated load per season; grazing capacity of the
loma, current and potential; and (6) identification and approximate
description of the agents operating upon the loma:

shepherds, owners,

NBD, others; including approximate number of families, number of
people, number of animals; people's expectations and objectives with
respect to the loma.
The most likely candidate for the pilot area of "Lomas de
Iguanil" since it is more representative of other lomas in Peru.

The

national park status of Lomas de Lachay makes it a peculiar case and
hence undesirable in spite of the larger amount of information available
on this loma.
It seems that the best client for this project is C.I.Z.A.
because it combines the viewpoints and interests of all the parties
involved:

government, universities, and lomas people.

However, the

opinions and expectations of the lomas people must weigh more heavily
now in the definition of objectives and value system.

In view of the

difficulty of interacting directly with the lomas people in the role
of client, it is suggested to obtain their input through the members
of the socioeconomics group of C.I.Z.A.
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As a result of the previous experience with the i-team, the
following comments are presented in relation to team organization.

It

seems that a more effective scheme to organize and operate the i-team
is as follows.

Set up the core of the team with the team leader and

two more systems trained people.

The best suited among the ex-members

of the 1977 team are Santayana and Vasquez.

The three core members

will be in charge of the systems thinking and the coordination of the
specialists, and they should have full-time dedication to the project.
The rest of the team will be composed of specialists, whose contribu
tion to the project will be on demand, preferably in the form of written
reports.

It is also the responsibility of the specialists to be up-

to-date on the progress of the project by reviewing the reports pro
duced, and to attend the plenary meetings.

These meetings will be

scheduled on demand, and their purpose is coordination and exchange of
ideas; not group thinking as in the 1977 sessions.

The specialists

must be able to commit at least 20 hours every two-week period.

Some

sort of incentive must be established to stimulate the contribution
of good quality work.

Most of the full team's interaction should take

place through the core group who will specify and assign research
studies to the specialists, and will receive, process, and disseminate
the results.
The team must be able to resort to external consultants for
questions outside its collective expertise.

This external expertise

may be channeled through guest speaker appearances, interviews by team
members, or research contracts.

Finally, it will be desirable that the
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team leader had some training or experience in the administration of
research teams.

Some Comments on the Availability
of Information
Judging from the results of the bibliographical search done in
Lima in 1977, it seems that few quantitative studies about the lomas
have been carried out and published.

The few studies that have been

produced are difficult to obtain because of scarce library services.
Most libraries are closed stack, with "less than perfect" card cata
logs, limited access to the material, and also limited or non-existent
photocopy facilities.

This point is brought up so that it is taken

into account in the planning of subsequent library searches if needed.
Furthermore, it is highly advisable to check out the University's and
O.A.L.S. libraries.

The amount of useful information that they have

on Peru is surprising.
In view of the lack of previous studies about the lomas, much
of the information needed will have to be collected at the loma itself.
A number of studies will have to be carried out in order to answer
some of the questions posed by the problem formulation and the defini
tion of quantitative models for the system design and evaluation proc
ess.

Some of these studies may take years to produce usable results.

In the subsequent stages of the lomas project the tradeoff between the
cost in time and resources and the degree of sophistication of the
models used must be decided.
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On the Role of Chapter 4
The illustration done in Chapter 4 shall serve as a basis for
the preliminary problem formulation.

The objectives and objectives tree

must be revised according to the new input from the lomas people; the
definition of the performance variables will be affected by any change
in the objectives, besides, it should be revised by experts in each
area considered in order to bring the state-of-the-art in the evalua
tion of each aspect of the system performance.

This illustration should

stimulate and guide the discussions in the problem formulation.

Models of Technological Components
These should be detailed in the design stage, after the elemen
tary functions have been determined; the reasons being the broadness
of the technology.

The models should answer the questions posed by the

system evaluation process, in other words, to allow the estimation of
the system performance variables.

The definition of models of the

technology components, as well as the models of the target system's
environment require quantitative studies that are unavailable now.
Some of these studies will take years for completion.

The specifica

tion and execution of these studies becomes part of the problem formu
lation.

Recommendations on the Definition of
the Value System
In the formulation and dry run of the methodology, the follow
ing facts have been found in relation to the value system.
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System evaluation is a multiattribute decision problem.
The decision space is discontinuous.

A discrete number of

design concepts is synthesized, and within each concept a
family of alternative systems is generated by varying the
design parameters (a parameter, for example, could be the
total capacity of artificial fog collection to be installed).
The number of system evaluation variables is relatively
large (over 50).
Some sort of ordering defined over the set of alternatives
is needed to guide design.

Since the alternatives are gene

rated during design, it is highly desirable that the ordering
be externalized in the form of a function or some procedure
to guide the designers in the search for better solutions.
The assessment of multiattribute utility (value) functions
is feasible, but it is also very time consuming.
The client is usually a very busy individual and rarely can
he spare the time required to cast his preferences into a
multiattribute utility function.

Furthermore, he is not able

to emit adequate judgments about all the detailed technical
aspects of system evaluation, i.e., the lower level evaluation
variables.
On the other hand, the team members have the knowledge to make
technical judgments, and are also more available for the assess
ment of preferences.
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In view of these considerations, the following recommendations are
made for the lomas project.
1.

Separate the two levels of decision making, the technical and
the executive, as discussed in Chapters 3 and 4.

2.

Have sufficient feedback between the definition of system
evaluation variables and the aggregation procedure.

As illus

trated in Chapter 4 and in Appendix C, the definition of the
aggregation procedure and the value functions may expose un
desirable dependencies between variables, variables that are
irrelevant, or variables that cannot be measured.
3.

Reduce the problem to a manageable number, m, of high level
variables, by defining value functions (with the team) that
aggregate as many subsets of low level evaluation variables.
These functions are defined using multiattribute utility under
certainty as discussed in Chapter 3.

4.

Generate a number of non-dominated solutions during the design
stage.
tion.

These solutions are presented to the client for selec
This facilitates the client's role in the sense that

the choice set is now given, and it does not require the
definition of a value function.

Simpler methods such as

ELECTRE (I or II), or even the lexicographic method (cf. Chap
ter 3) can be used for the final selection.
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Concluding Remarks
This is not the type of work where specific conclusions are
reached as a final product of the endeavor.
comments can be regarded as conclusions.

However, the following

Multiattribute Utility Theory

has an important role to play in systems design.

Although the setting

is different for having a large number of evaluation variables, and the
need for an explicit value function, Utility theory gives more realism
to the evaluation, and enhances consistency between the value system
and the client's preferences.

The analysis of the client's objectives

facilitates the formulation of what in SEMFIT is called the input/output
specification and the merit orderings.

T3SD/SEMFIT provides a very con

sistent, logical, and solid framework for the formulation of socioenvironmental problems; an intermediate link between the problem and
the methodology is highly desirable and has been introduced in this
dissertation.
An operational systems methodology to approach socioenvironmental problems has been thus proposed.

In general, it is

hoped that this work will help planners in the formulation and sub
sequent analysis of socio-environmental problems.

In the Lomas case,

this work prescribes and illustrates the steps to take in the subse
quent stages of the quest for solutions to the Lomas problem; and should
serve as the basis to make a proposal for the funding of an extensive
program towards the recovery of the Peruvian lomas and the rational use
of their resources.

APPENDIX A

EXPANDED LIST OF OBJECTIVES

The following list of objectives for the Lomas Problem was
obtained after substeps 1 and 2 of the definition of the objectives
(cf. Chapter 4).

Reverse desertification process of the lomas
Create harmonious relation man/ecosystem in general
Contribute to government's goal of welfare of all Peruvians
Conserve the natural resources of Peru
Assure survival of both man and ecosystem in general
Make a better Peru
Produce income for the lomas people
Contribute to protection of species (fauna) in Peru
Restore ecological equilibrium of the lomas
Restore "puquiales"
Restore flora
Restore fauna
Reforest the lomas
Control grazing
Optimize productivity of the loma
Provide natural resources education for people of the lomas
Improve standard of living of the lomas people
Increase water collection capacity
Provide controlled tourism at the lomas
Save the loma from extinction
Restore water input
Limit access to the loma
Limit use of the loma
Fence specific areas of the loma
Provide comfort for the tourist at the loma
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Water livestock
Detect and retrieve leaving underground water
Improve the soil of the loma
Hinder erosion
Stop advance of the sands
Feed livestock
Reintroduce extinct native species (plants)
Introduce beneficial non-native species (plants)
Protect vegetation of the lomas
Provide initial water input for development of plants
Erradicate undesirable species (plants)
Enhance recreation at the lomas
Reintroduce extinct native species (fauna)
Introduce beneficial non-native species (animal)
Erradicate undesirable species (fauna)
Provide water supply for fauna
Provide shelter for fauna
Provide food for fauna
Protect fauna at the loma
Foster development of vegetation
Determine most efficient tree species
Protect trees
Protect seedlings
Monitor state of pastures
Control activities of shepherds
Enforce grazing regulations
Assure future availability of RNR of the loma
Protect the RNR of the lomas
Promote and conservation in general
Educate public in RNR conservation
Generate employment for lomas people
Improve ecological conditions of the loma
Produce commodities at the loma
Make the lomas restoration attractive
Produce income for the owners
Produce
Produce
Produce
Produce
Produce

income
income
income
income
forest

for shepherds
for farmers
for nearby dwellers
for local government
products

/

Produce water
Produce recreation at the lomas
Reduce antropogenic degredation of the loma
Justify the conservationist effort for the loma
Communicate the NR conservation message effectively
Give incentives for adoption of RNR conservation
Reach the public with RNR conservation message
Reach the owners with RNR conservation message
Reach the nearby dwellers with RNR conservation message
Reduce human pressure on the lomas
Make teachers available in lomas area
Make schools available in lomas area
Reach educanda for conventional education
Increase productivity of the loma
Reduce depredative use of the loma
Locate recipients of agricultural extension education
Recruit and train agriculture extensionists
Prepare technology packages for agricultural extension
Improve health of the lomas people
Improve educational status of lomas people
Increase life expectancy of lomas people
Give employment
Provide conventional education
Provide agricultural extension education
Provide recreation
Export water
Increase tree population
Increase artificial water collection
Develop new collection technology
Manage forests
Manage crops
Monitor desertification indicators
Monitor ecological variables
Satisfy recreational needs of coastal population
Advertise facilities to coastal population
Build facilities for tourism
Control tourists activities
Control vandalism
Provide access roads
Develop archaelogical sites

Improve housing conditions of the lomas people
Improve marketing system for the shepherds
Avoid brush fires
Provide basic recreational services

APPENDIX B

SYSTEM EVALUATION VARIABLES AND CONSTRAINTS

The following table summarizes the system evaluation variables
Yi.j....k which are functions of the system performance trajectories
Xi.j....k, as defined in Chapter 4.

This table also contains the

constraints associated with these variables.
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VARIABLE

NAME

XI
ECOLOGICAL RECOVERY
XI.I
VEGETATION RECOVERY
XI.1.1
• NATIVE SPECIES
XI.1.2
AREA COVERED VEGETATION
XI.1.3
WINTER BIOMASS
XI.1.4
SUMMER BIOMASS
XI.1.5
TREE POPULATION
XI.1.6
PASTURE PRODUCTION
XI.2
WILDLIFE RECOVERY
XI.2.1
RECOVERY OF BIROS
XI.2.2
RECOVERY OF MAMALIANS
XI.2.2.1
« OF SPECIES
XI.2.2.2
DEER POPULATION
XI.2.2.3
FOX POPULATION
XI.2.2.4
GUANACO POPULATION
XI.2.2.5
RABBIT POPULATION
XI.3
XI.3.1
XI.3.2
XI.3.3
XI.3.4
XI.4
XI.4.1
XI.4.2

SOIL IMPROVEMENT
NITROGEN CONTENT
ORGANIC NATTER CONTENT
SOIL DEPTH
SOIL EROSION
WATER RESOURCES RECOVERY
WATER COLLECTED FROM FOG
« UATERHOLES

X2
RATIONAL USE OF RESOURCES
X2.1
USE OF RESOURCES
TOTAL VALUE OF PRODUCTION
X2.1.1
X2.1.2
PROTEIN PRODUCED
X2.1.3
CARBOHYDRATES PRODUCES
X2.2
BENEFIT TO LOMAS PEOPLE
X2.2.1
BENEFIT TO SHEPHERDS
X2.2.1.1
* ANIMALS GRAZED
X2.2.1.2
NET INCOME
BENEFIT TO OWNERS
X2.2.2
X2.2.2.1
NET INCOME
X2.2.3
BENEFIT TO NOD
Y2.2.3.1
• FULL TIME JOBS
X2.2.3.2
SALARIES PAID

UNITS

CONSTRAINTS

EVALUATION VHLE

-

-

SPECIE
H2
TONS
TONS
TREES
TONS

HINIXl.l.lJt-5#20) > 100
AVG(XI.1.2) t-5»20) > 80000
AVG(X1.1.3)t-5#20) > 8000
AVGIXl.1.4jt-5»20) > 30000
MINIX1.1.5)t-5»20) > 50000
MIN(Xl.l,6|t-5#20) > 10000

-

-

Y1 • F1 Y1.1,...Y1.4)
Yl.l - 1.1(Y1.t.1»....Yl.l.6)
Yl.1.1
AVGIXI.1.1;t - 5.201
Yl.l.2
AVGIXl.1.2H-5,20)
Yl.l.3
AVGIXl.1.3lt-5.20)
Yl.l.4
AVG(X1.1.4;t»5f?0)
AVG(X1.1.5(t-5#20)
Yl.l.5
Yl.l.6
AVG(X1.1.6)t-5»20)
Y1.2 • 1.2(Y1.2.1#Y1.2.2)

SPECIES MINIX1.2.1Jt-10.20) >90
-

-

SPECIES
INDIV.
INDIV.
INDIV.
INDIV

AVGtXl.2.2.11
AVG(XI.2.2.2)
AVG(XI•2.2.31
AVG(XI.2.2.4)
AVG(XI.2.2.5)
MAX 1X1.2.2,5)

-

-

X
z

>
>
>
>
>
<

50
50
50
50
50
100000

cm
Ton/ha

AVG(XI.3.1) > .01*
AVG(X1.3.2)t-10,20) > 5?
AVGIXI.3.3>t-10»20) > 10
AVG( XI•3.4) < 90

-

-

M3

•

MIN(X1.4.1|t-5»20) > 5000000
MIN(X1.4.2jt-5#20) > 7

_

-

-

-

t

K(J
Kg

MIN(X2.1.1;t-5»20) > 20000
MIN(X2.1.2Jt-5»20) > 10000
MIN(X2.1.3Jt»5#20) > 100000

-

-

-

-

UGM
t

MIN(X2.2*1.1) > 2000
80? OF PERCAPITA INCOME

-

-

t

MIN(X2.2.7.1) > 20000

-

-

JOBS

MIN(X2.2.3.1It-5»20) > 100
80* PEPCAPITA INCOME

%

Yl.2.2
Yl.2.2.
Yl.2.2.
Yl.2.2.
Yl.2.2.
Yl.2.2.

F1.2.2(Y1.2.7,I, 1-1# 5)
• AVGIXl.2.2.1)
• AVG(XI.2.2.2)
• AVGIXl.2.2.3)
• AVGIXl.2.?.A)
• AVG(XI.2.7.5)

Y1.3 • 1.3(Y1«3.1#...»Y1.3.4)
Yl.3.1
AVG(XI.3.1)
Xl,3.2(t-20)
Yl.3.2
X1.3.3(t-?0)
Yl.3.3
AVG(XI.3.4)
Yl.3.4
Y1.4 • 1.4(Y1.4.1,Y1.4.2)
Yl.4.1
AVGIXl.4.1)
X1.4.2(t-20)
Yl.4.2
Y2 « F2 Y2.1#Y2.2)
Y2.1 • 2.1(Y2.1.1#...#Y?.1.3)
Y2.1.1
AVGIX2.1.1)
Y2.1.2
AVGIX2.1.2)
Y2.1.3
AVG(X2.1.31
Y2.2 « 2.2IY2.2.1#Y2.2»2,Y2.2.3)
F2.2.KY2.2.1.1»Y?.7.1.2)
Y2.2.1
Y2.2.1. • AVG(X2.2.1.1)
•
AVGIX2.?,1.2)
Y2.2.1.
F2.2.2(X2.2.2.1)
Y2.2.2
Y2.2.2. • PW(X2.2.2.1)
Y2.2.3
F2.2.3(Y2.2.3.1#Y7.7.3.7)
Y2.2.3. • AVG(X2.2.3.1)
Y2.2.3.2 • AVG(X2.2.3.7)

VAP.IARLF
X3
X3.1

NAME

CntJSTRAINTS

UNIT";

EVALUATION VBI. r

X3.*
X3.5
X3.5.1
X3.5.2
X3.5.3

STANDARD OF LIVING
HOUSING
M2/hab
LIVING SPACE
*
WATER
SANITARY SVCES
X
T
ELECTRICITY
STRUCTURAL OUALITY
X
HEALTH
YEARS
LIFE EXPECTANCY
7,
INFANT MORTALITY
NUTRITION
CALORIE INTAKE
CAL
PROTEIN INTAKE
or
CARBOHYDRATE INTAKE
IT
INCOME
»
EDUCATION
* SCHOOLING UNDER 15
z
* LITERACY
r.
TECH. C SKILLS EDUCATION Hri

X«

RECREATIONAL VALUE

VISITOR

X5

NET COST

»

PWCX5) < 500000

X6
X6.1
X6.2
X6.3
X6.*

MANPOWER REQUIREMENTS
MANPOWER REO'HTS JAN-MAP.
MANPOWER REO'MTS APR-JUN
MANPOWER REO'MTS JUL-SEPT
MANPOWER REO'MTS OCT-DEC

MAN.DAY
HAN.DAY
MAN.DAY
MAN.DAY
MAN.DAY

MAX(X6.1)
HAXIX6.2)
MAXIX6.3)
MAX<X6.M

X7

SOCIAL COST

FAM.

HAX( X7)< 30

X0

HISTORIC COST

SITES

SUHIX8I < 100

YB • SUMIX8I

X9

TIME TO 90? OPERATIONAL

HONTHS

X9 < 60 (NOTE 11

Y9 • X9
Y10 » F10tY10.1»...,Y10.5>

X3.1.1
X3.1.2
X3.1.3
X 3 . L.«T

X3.1.5
X3.2
X3.2.1
X3.2.2
X3.3
X3.3.1
X3.3.2
X3.3.3

X10
XlO.l

SYSTEM ILLITIES
RESPONSE-TIME OUERIES
XIO.1.1
EXTERNAL
XlO.l.2
LOCAL
X10.2
AVAILABILITY
X10.3
REPAIRABILITY
XIO.*
SURVIVABILITY
X10.5
AUDITABILITY

XLL

ACCEPTABILITY

X12

RELIABILITY IMISSION ACC.I

Y3 • F3(Y3.1>...rY3.5)
Y3.1 • F3.1tY3.1.1»...,Y3.1.5)
MIN<X3.1.Ut-5,20)>X3.1.1(t-ll Y3.1.1 - AVGIX3.1.1I
MIN(X3.1.2sf2»20)>X3.1.2( fl) Y3.1.2 • AVGIX3.I.2)
MIN(X3.1.3Jf-2»20)>X3.1.3(t«H Y3.1.3 • AVG(X3.1.3)
HIN(X3.1.4f t'2»20)>X3.1.«(fll Y3.1.* • AVC(X3.1.41
MINIX3.1.5;t"2>20)>X3.1.5Ct-ll Y3.I.5 • AVGIX3.1.5)
Y3.2 • F3.21Y3.2.1»Y3.?.?1
MINCX3.2.1|t-2,20l>X3.2.1tt-l» Y3.2.1 • AVG«X3.2.1|t-10,?0)
MAXCX3.2.2Jt«2.201>X3.2.2<t-l) Y3.2.2 • AVGIX3.2.Z}t-10,?0)
Y3.3 - F3.3CY3.3.1,...,Y3.3.3>
MIN(X3.3.Ut»2.ZO)>X3.3.lU-1) Y3.3.1 - AVG(X3.3.1)
MINtX3.3.2 jt-2» 20l>X3.3.2(fl) Y3.3.2 • AVGCX3.3.2I
M I N (X3.3.3jt- 2 F 20)>X3.3.3(t-1) Y3.3.3 • AVGIX3.3.3!
HINJX3.M t-?»20)>X3.Mt-ll
Y3.* • AVC-«X3.*)
Y3.5 • F3.5IY3.5.1,...,Y3.5.3)
HimX3.5.1»t-2,?0)>X3.5.1l t-I) Y3.5.1 • AVG«X3.5.1;t-5»20)
MIN«X3.5.2tt-Z»?0»>*3.5.2(t-U Y3.5.2 • AVG(X3.5.2jt-5»20>
MlN«X3.5.3«t-2»20)>X3.5.3tt-l> Y3.5.3 • A V G ( X 3 . 5 . 3 Jt- 5 T 2 0 )
-

-

Y* • AVG(XM

Y6 - AVG« X 6 )
<
<
<
<

500
300
500
300

_

_

-

-

DAYS

MAX CX10.1.1)
HAXIX10.1.2)
MINCX10.2J >
MAX(X10.3) <
X10.4 < .20

DAYS
*

DAYS
PR08.
PROB.
PROB.

Y5 • PWCX5I

Y7 • AVGCX7I

Y10.1 • F10.1(Y10.1.1FY10.1.2)

< 15
< 7
80*
60

MINCX10.5J > • n

Y10.1.1 • AVGIX10.1.1)
Y10.1.2 • AVGIX10.1.2I
Y10.2 • AVGfX10.21
Y10.3 • AVGIX10.3)
Y10.* - X10.*
Y10.5 • AVGIX10.5I

Xll > .7

Yll • Xll

X12 > .50

Y12 • X12

APPENDIX C

ILLUSTRATION OF A VALUE FUNCTION ASSESSMENT
/

This appendix illustrates the definition of the value system.
It is divided in two sections, the first section checks preferential
independence for high level variables, the second section illustrates
the assessment of the value function for Y2.

Verifying Preferential Independence
on High Level Variables
In this section, preferential independence is verified.
C.l

Table

summarizes the assessment made by the author using the abbreviated

procedure described in Chapter 4.

An entry in the table indicates

that the tradeoffs between the variables in subset Yj are very inde
pendent (V), independent (I), somewhat dependent (S), or very depen
dent (VD), upon the level of achievement of the variables of subset Yj.
The numbers in some of the entries refer to the following notes.
1.

High recreational value will increase importance of wildlife.

2.

The range of Yll is very limited (0.7 to 1.0) so its effect
is mild.

3.

The tradeoffs within Y2 are robust because Y2.1 and Y2.2 "pull
in the same direction".

Furthermore, the tradeoffs within

Y2.2 are determined by population ratios.
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Table

,C.l

Y1

Y2

Y3

Y4

Y5

Y6

Y7

Y8

Y9

Y10

Yll

Y12

Y1

X

I

V

11

V

V

V

V

V

V

12

I

Y2

13

X

13

V

V

V

V

V

V

V

V

V

Y3

V

S4

X

I

I

S4

I

I

I

I

I

I

Y4

5

Y5

5

Y6

5

Y7

5

Y8

5

Y9

5

Y10

I

X

S7

I

Yll

5

Y12

5

i:
i:

Dependence of Tradeoffs within Subsets.

4.

X
X
X
X
X
X
S6

V

S7

I

V

I

V

I

A very high or very low Y2 or Y6 will change the priorities
within standard of living variables (Y3).

5.

This is a single variable, there are no tradeoffs to consider.

6.

High Y2 makes YlO.l and Y10.5 more important.

7.

High Y4 or low Yll requires high survivability and
repairability.
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Value Function for Y2
In this section the evaluation of a value function will be
illustrated for Y2, "Use of the resources for the benefit of the Lomas
People".

This variable has six intermediate level variables and eight

lower level variables, as can be verified in Table B..1.
In the definition of a value function one should make use of
any tools available, including principles and techniques of MADM, prob
lem characteristics, and additional assumptions if necessary.

It is

very difficult to illustrate in a short example the use of all the
techniques referred to in this dissertation.

Besides, it is not really

necessary, since there are many good works available in the literature
that explain such procedures.

See for example, Keeney and Raiffa

(1976), or Krzystofowicz (1978).
Another important aspect in the definition of a value function
is the feedback between the value function assessment and the defini
tion of the variables.

The attempt to assess preferences for a set of

variables often shows the inappropriateness of the variables to capture
the client's preferences over the set of solutions.

The meaning of

some variables has been modified here to facilitate the assessment.
These changes, however, have not been made effective in the example
of Chapter 4.
Since only one-digit divisions are used for the variable names
the dots between numbers will be eliminated in this example to facili
tate reading and typing.
Y2231, and so on.

So, for example, Y2.2.3.1 will be written as
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First of all, preferential independence (PI) must be checked.
It seems reasonable to assume that the sets of variables {Y21i, i=l,3},
{Y22i, i=l,3} are preferentially independent of their complements, or
in other words, to assume that the relative importance of the various
production alternatives is not affected by the level of benefit of the
lomas people, and, conversely, the relative importance of benefit to
shepherds, owners, and NBD is not affected by the level of production.
Also, for the variables within Y22, it does not seem unreasonable to
assume that the tradeoffs between the components of each group's bene
fit is independent of the level of benefit to the other groups.

So

preferential independence is assumed for these variables too.

Definition of Value Function for Y21
After some consideration of the tradeoffs between Y211, Y212,
and Y213, the following assumptions are made.
1.

In order to facilitate the articulation of preferences
between total value of production and food production, Y211
should be modified to be total value of non-food production.

2.

Since the coastal region seems to have an adequate supply
of food, the strategic value of food production is not so
great and can be reduced to the market value of the products.

3.

Assuming a market value of $10 per kilogram of protein and
$1 per kilogram of carbohydrates, then Y21 can be defined
as:
Y21

=

Y211 + 10 x (Y212) + Y213

( C.l)
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It is impossible to estimate the upper limit of such variable
without knowing the specific characteristics of the site; but assuming
that about 1000 people depend on this hypothetical loma, and that a
per capita income of $500 is satisfactory (according to the U. N. in
1977, the per capita gross national produce for Peru was $614 in 1976),
then a total value of production of $500,000 can be considered accep
table, and $2,000,000 is assumed to be very good.

So let $2,000,000

be the upper bound for the total value of production.

Whether or not

to define a value function for Y21 will be discussed in a later section.
Value Function for Y22.

Y22 is benefit to lomas people and it

is divided into benefit to shepherds, owners, and nearby dwellers.
These components will be discussed individually and later aggregated
into Y22.
Benefits to Shepherds.

Benefits to shepherds is measured in

terms of median income and number of animals grazed per season.

It

is assumed that some of their income may come from activities other
than shepherding.

The range of Y221 is 0 to 20,000 goats (or 0 to

5,000 cattle); and the range of Y222 is 0 to $2,000.

The use of the

additive form for the case of two variables requires the satisfaction
of the "Corresponding Tradeoffs Condition" (CTC) (Keeney and Raiffa,
1976).

This is verified by determining the marginal rates of substi

tution at four points (cf. Fig.

C.l).

Four values a,b,c,d can be

found such that:
at (XI,Zl) to increase Z by b is worth a decrease of a in X;
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Fig.

C,.l.

Corresponding Tradeoffs Condition.
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at (XI,Z2) to increase Z by c is worth a decrease of a in X,
at (X2,Z1) to increase Z by b is worth a decrease of d in X;
now, CTC holds if, at (X2,Z2) an increase of c in Z is worth a decrease
of d in X.
The following "dialogue" illustrates the test of CTC for number
of animals grazed, and median income.
Analyst:

See Fig. .C.2.

Let's consider the points (X,Z) = (400,5000), (400,13000),

(1000,5000), (1000,13000), where X is median income and Z is
number of animals grazed.
(400,5000).

Now let's assume you are at

How much would you pay for an increase of 1000

in the number of animals grazed?
Client:
A:

I would be willing to go from 400 to 380.

Now, if you are at (1000,5000) how much median income would
you sacrifice for an increase of 1000 animals grazed?

C:

About 100.

A:

If you are at (400,13000) how much grazing would you sacrifice
for an increase of $50 in median income?

C:

I would be willing to accept between 10,000 and 11,000 ani
mals grazed.

A:

Now at (1000,13000) how much grazing would you give up for
an increase of median income to $1100?

C:

I would accept between 12000 and 12500 animals grazed.

These answers are plotted in Fig.

B.2.

Setting d = 200 at

point (1000,5000), gives b = 2000; following the dotted line to point
(400,5000) we get a = 40; and following the line to (400,13000) we
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get c = 1700.

Following the dotted line to (1000,13000) we find

d' = 220, which is considered close enough to d = 200.
assumed in this example that CTC holds.

So it is

Please note that this is

just an illustration of the procedure and no implications for the
actual lomas problem can be made!
Since CTC holds, the joint value function has the form:
Y221

=

W1 x f2211(Y2211) + W2 x f2212(Y2212).

There are at least two ways to proceed here.

One is to find f2211

and f2212 directly, and separately, and then compute the Wi's; the
other method is the "Midvalue Splitting Technique" proposed by Keeney
and Raiffa (1976) where the two functions are assessed simultaneously.
The first method is used here.

Figures

C.3 and . .C.4 illustrate the

marginal value functions assessed by the author.
only one equation is needed, since W1 + W2 = 1.

To find the W's
Taking for example

(800,3000) and (500,Z), one asks the client what should be the value
of Z for the two pairs to be equivalent.

He may say that

(500,10000) > (800,3000), but that
(500,5000) < (800,3000), and eventually converge to
(500,9000)

(800,3000).

From this, and from Figs. .C.3 and

C.4 the following equation can be

obtained.
Wlxf2211(500) + W2xf2212(9000) = Wlxf2211(800 + VJ2xf2212(3000)
.6xWl + .5xW2 = .84xWl + .2xW2, which gives
W1 = .6; W2 = .4.
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In actual assessment, the next step is to check the consistency
of the function and the inherent error in the assessment by computing
W's for a few more points.

This step is not carried out here.

The

value function for Y221 is then defined as:
Y221 = .6 x f2211(Y2211) + .4 x f2212(Y2212)
where f2211 and f2212 are defined in Figs.
Benefit to the Owners.

C.3 and

(£.2)
C.4.

It will be measured by the per capita

income alone; that is, dividing the total of what they receive as a
group by the number of people in the group.

This value function should

certainly be determined by a representative of the owners.
will be assumed to be the same as Fig.

C.4.

Here it

So, the value function

for the benefit of the owners is defined as follows:
Y222 = f2221(Y2221),

(C.3)

where f2221 is defined in Fig.
Benefit to NBD.

C.4.

For the sake of illustration, it is assumed

that CTC does not hold for the case of the nearby dwellers (NBD); then
direct assessment must be used.

The range of Y2231, number of jobs,

is 0 to 150; the range of Y2232, median income, is 0 to $2000.

For

ease of notation, let Y2231 be called X and Y2232 be called Z.
The first step to calibrate a sequence of points between (0,0)
and (2000,150).

There are several ways to do this; one could be to

select a number of points (say, 8) along the straight line connecting
(0,0) and (2000,150); and then assessing the differences in worth
between various pairs of points.

Knowing that V(0,0) = 0, and
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V(2000,150) = 1, a set of inequalities and/or equations could be set
to find V(Xi,Zi).

Another method—the one used here, is an extension

of the bisection method to the bivariate case.
Without restricting the choices to points along the straight
line (0,0)-(2000,150) find a point (X,Z) such that V(X,Z) = .5; then
the point for .25, .75 and so on.

Since a double stimulus is used,

the task is more difficult than in the univariate case; but it still
can be dor.e, especially, if an approximation procedure is used, as
illustrated in the following "dialogue".
Analyst:

Please give me a point that is half-way between (0,0)

and (2000,150); that is, a point such that it will represent
about the same improvement going from (0,0) to (X,Z) as going
from (X,Z) to (2000,150).
Client:

I would like an income around $600 and about 90 jobs.

A:

How about (600,100)?

C:

80 could be....let's say 85.

A:

How about (500,85)?

C:

500 is too low....

A:

(700,85)?

C:

Too high, but closer than 500.

A:

650?

C:

Yes...that is close enough.

A:

Do you agree, then, that in terms of satisfaction (600,85) is
the mid-point between the two extremes?

C:

Yes, roughly so.
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A:

Now, let's try to find a midpoint between (0,0) and (600,85).

C:

I do not like to use $0 income; let's say the minimum income
is $80.

A:

O.K., give me the midpoint between (80,0) and (600,85).

C:

Well, jobs must be around 40...

A:

35?

C:

No, too low...

A:

45?

C:

Maybe...No, let's have jobs at 40 and mid income around...

A:

400?

C:

No, too high; 300 is close..., yes, say 300.

A:

So we have that (300,40) is the midpoint between (80,0)
and (650,85)?

C:

650 looks too far...let's say (350,40).

A:

Now let's find a midpoint between (650,85) and (2000,150).

C:

I think a median income of $2000 is too good.
should be between 1200 and 1500.

The midpoint

Jobs...120 is close,...

130 is high, 125 is still high...let's say 120.
A:

Now, with 120 jobs what is the mid-income?

C:

I think around 1200 or even less.

A:

But you just said 1200-1500.

C:

Yes, I did.

A:

So, can we say that (1100,120) is the mid-point between

But now I think it is too high...1100 is closer.

(650,85) and (2000,150)?
C:

Perhaps 1000.

Yes, that sounds O.K.
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Points have been obtained with worth 0, .25, .5, .75, and
1.0.

Now the indifference curves may be obtained using the method pro

posed by MacCrimmon and Toda (1969) as explained in Chapter 3.

This

will not be illustrated here because the method is rather straightfor
ward but the value function for Y2231 and Y2232 is presented in Fig.
C.5,

showing the shaded areas used to find the indifference curves.
Verifying PI within each subset, Y221, Y222, Y223, allows the

separation of the value function:
Y22 = f22(Y2211,Y2212,Y2221,Y2231,Y2232) into
Y22 = f22(f221(Y2211,Y2212),f2221(Y2221),f223(Y2231,Y2232))
or, Y22 = f22(Y221,Y222,Y223).
If the Y22i are mutually preferentially independent, then the additive
form can be used:
Y22 = W1 x Y221 + W2 x Y222 + W3

Y223.

It is assumed in this illustration that MPI holds, and furthermore,
that the weights are equal to the proportions of the population corre
sponding to each group; that is (also assumed):
W1 = .5; W2 = .2; W3 = .30.

Y2.2 is then defined as:
Y22 = f22(Y221,Y222,Y223)
= .5 x Y221 + .2 x Y222 + .3 x Y223

(C.A)

The procedure to assess the tradeoffs between Y21 and Y22 is
the same as illustrated for Y221 and Y223, so it will not be repeated
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here.

It is assumed that CTC holds, and that the value function for

f21(Y21) has the same shape as f2211(Y2211), see Fig.

C.6.

With these

assumptions, an analysis similar to that of Y221 gives
Y2 = .4 x Y21 + .6 x Y22,
with Y21 and Y22 defined in Eqs.

.(C.l) and

(C.4) respectively.

The assessment of a value function has thus been illustrated.
Because of space limitations several shortcuts, assumptions, and omis
sions were necessary but, nevertheless, it can still be seen that it
is a lengthy procedure.

This example also illustrated the need for

feedback to the definition of variables, because the assessment of a
value function is the final test for the appropriateness of a set of
variables to portray the client's preferences over the set of solutions.
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