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Preface

We are pleased you have chosen to enjoy the 1978 Na-
tional Computer Conference (NCC). Frequently the NCC is
judged to be ‘‘too large’” to have a theme. This year we
bring you two themes: the primary theme is the national
energy problem and how computers can contribute to its
alleviation; the secondary theme is the growth of the com-
puter industry, especially its fastest growing segment, per-
sonal computing.

The energy and computation theme is highlighted in the
keynote address and in a powerful panel for the Tuesday
evening’s Symposium on Developing Energy and Computing
Technology. It is continued by the luncheon speakers and
by more than 10 percent of the Technical and Professional
Program.

-On coping with growth in the computer industry, a portion
of the Technical and Professional Program deals with per-
sonal computing and with developing education curricula.
The principal highlight is the Personal Computing Festival,
with exhibits, sessions, and contests all its own. This is the
first time the National Computer Conference has had sepa-
rate registration with no age limit on attendance for a portion
of its program.

XXXi

STEPHEN W. MILLER
Conference Chairman
SRI International

Menlo Park, California

This document forms the principal permanent record of
the Technical and Professional Program of this conference.
As such, it is a vital part of the documentation and infor-
mation-dissemination system in our community. The explo-
sive growth of literature in the last decade makes it imper-
ative that this dissemination system be examined carefully.
One such examination has been conducted by Thomas J.
Allan, in his interesting NSF-funded, ten-year study of this
information-dissemination system and reported in The Man-
agement of Technology Flow (MIT 1977). Most such studies
lump scientific and engineering literature; however, he
draws a careful distinction between them. One part of that
distinction is that a given topic generally appears earlier in
time in scientific literature than in engineering literature.
During this time delay three very important things occur:
diffusion of the information through the community; trans-
lation into the language of current technical practice; and
evaluation of the concepts. This evaluation tends to be re-
lated to enterprise objectives and, hence, of strong interest
to technical management.

Despite the explosive growth in the number of confer-
ences, symposia, seminars, and workshops dealing with the
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computer industry, the National Computer Conference has
remained the premier conference to enhance this diffusion,
speed this translation, and sharpen this evaluation. NCC is
supported by 15 individual technical societies which provide
it with the multidisciplinary support that makes it the focal
point of excellence in the literature for technology and man-
agement.

To this end, in 1978 we have not equated originality with
quality. Rather, we have brought the best judgment of a
very strong technical and professional program committee
together to ensure that the topics of importance to the com-
munity at large are represented. The best of these topics are
presented in either paper or panel form. You will note there
are two papers in this proceedings that have been presented
earlier for a smaller audience. ‘“The art of artificial intelli-
gence—Themes and case studies of knowledge engineer-
ing,”” by Dr. Edward A. Feigenbaum and ‘‘The ubiquity of
discovery,”” by Dr. Douglas B. Lenat. Within the Al com-

munity these have been judged ‘‘best papers’’ and hence are
repeated here to speed the translation process and to en-
hance the diffusion throughout the larger information proc-
essing community.

Likewise, we have attempted to present both sides of
controversial issues so that society itself can participate in
the evaluation. Only in a large multidisciplinary forum of
this type can we begin to provide approaches to solutions
of the very pervasive problems, such as the national energy
problem, the facets of a public information policy, the prob-
lems of federal regulation, etc., that face us today.

My undying thanks go to the literally hundreds of people
whose efforts have gone into bringing you this fine confer-
ence, but especially to those who have dedicated their time,
talent, and effort to serve on its many committees. The
names of most of them are acknowledged in the back of this
proceedings.
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Introduction

SHAPING THE PROGRAM

Of the many criteria that were followed in creating the
technical program committee of 1978, the one that played
the dominant role was ‘‘excellence.”” We believed that at-
tracting top people to participate in the technical program
committee would result in an excellent technical program.
We were indeed fortunate in attracting top technical and
professional people from industry, government, universities,
and other parts of society which are associated with the
computer industry. We also included in our committee top
professionals from our sponsoring societies; IEEE Com-
puter Society, ACM, SCS, and DPMA. Cooperation from
each of the non-sponsoring constituent societies of AFIPS
was requested through their Presidents by our conference
vice-chairman.

The program committee in its first meeting in December
1976 established the following philosophy and aims: (i) The
number and reactions of attendees are the major criteria for
measuring the success of the conference; (ii) Seek broad
base appeal—do not concentrate on applications for indus-
trial usage and ignore the system questions. Do not concen-
trate on the systems architecture problems and ignore the

SAKTI P. GHOSH
Program Co-Chairman
IBM Corporation

San Jose, California

general public; (iii) Orient the program toward industrial and
commercial audiences. With this charter in hand, the tech-
nical program committee began identifying appropriate tech-
nical areas for the program and created a broadly structured
program with built-in adaptability to accomodate unsolicited
high quality papers.

PROGRAM STRUCTURE

The program is structured into four major areas: Appli-
cations, Methodology, Systems and People and Society.
Each major area is subdivided into multiple basic areas.
Each member of the program committee was responsible for
at least one basic area. Each basic area was headed by an
area director; some area directors were also a member of
the program committee. The area directors were selected
for both their professional reputation and motivation. The
basic areas cover most of the traditional important aspects
of computer knowledge. We have tried to capture some
emerging important areas such as Computer Models in Solv-
ing World’s Energy Problem, Electronic Fund Transfers,
Special Purpose Terminals, Office Automation, Home and

XXX1ii
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Hobbying Computing, Evolution of New Hardware Tech-
nology, and Legislation and Its Impact. For the first time in
NCC'’s history, we have asked a sister nation, namely Japan,
to organize an area in our conference.

One of the primary responsibilities of the area directors
was to solicit high quality papers. The rule ‘‘every paper
will be refereed’’ was applied universally to all solicited and
unsolicited papers with the exception of two invited papers.
The program contains many panel sessions. Each panelist

was asked to prepare a position paper and have it approved
by the session chairperson. In some cases the position pa-

pers of panelists participating in a session were combined

into a panel paper and are included in these proceedings.
Most of the area directors have included an overview of
their area.

We hope you will find these proceedings of the program
valuable and rewarding for many years to come.



PART I—APPLICATIONS






Area Director:

William F. Rousseau

Lawrence Livermore Laboratory
Livermore, California

Computer models in solving the world’s energy problems

The '73-'74 Oil Embargo and the more recent shortages of natural gas have
made the general public energy conscious. Moreover, depleted oil and gas re-
sources, energy conservation legislation, and higher energy prices are creating
problems in industry. Significant government programs have been initiated; more,
possibly much more, is yet to come. However, causes and cures of our energy
problems are controversial. Complexity of energy supply and use play as big a
role in this confusion as differences in economic and political philosophy. The
complexity makes it difficult to accurately assess the impact of corrective action
or even if any is needed and is forcing many policy analysts to turn to computer
models for help in making major public and private energy policy decisions. More
conventional applications of computers to energy are also expanding with the
objectives of finding or recovering more oil and gas or making energy systems
more efficient.

These sessions on the applications of computers in solving the worlds energy
problems can only sample the many possibilities. Two sessions, ‘‘Energy Deci-
sion Analysis’’ and ‘‘Energy Modeling Panel,”’ are devoted to the very significant
application of computer modeling techniques to energy policy analysis. Two
other sessions, ‘‘Computers in Petroleum Exploration’” and ‘‘Computers in En-
ergy Technology,” provide examples from the technological and engineering
side.

‘‘Energy Decision Analysis,”” chaired by Robert Karsan, has papers by working
policy analysts. Tani’s paper reviews an analysis of President Ford’s proposed
synthetic fuels commercialization program that seemed to have had a major
impact—to Kkill the program. Brock’s paper addresses the economic theory used
to construct several of the large energy models. Schweizer describes a model
developed to predict peak electric load demand—a very important quantity in
planning electric power system expansion and energy use. Rice and Meeske
describe a model for natural gas demand forecasting based on interfuel compe-
tition. Although computers are not emphasized in these papers, the work de-
scribed would not be practical without them.

‘“Computers in energy technology’’ chaired by Julius Chang, provides exam-
ples of computer use to improve existing technology. Kamel and Wolf show how
computers are being applied to build safer and more energy efficient automobiles.
Westbrock and Haselman describe work on modeling what goes on in the cylinder

1
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on an internal combustion engine for computer simulation. Price presents a model
which relates to improved oil recovery from existing wells.

‘““Computers in Petroleum exploration,”’ chaired by Pierre L. Goupillaud, has
papers on several aspects of oil and gas exploration. Hoffman and Ternus discuss
application of computers to petroleum exploration in general. Savit predicts
enormous data processing requirements for geophysical data. Selzler gets into
seismic modeling. -

““Energy Modeling Panel,”’ chaired by William F. Rousseau, addresses several
significant questions raised by the widespread use of energy models in policy
analysis. Participants all have wide experience with energy modeling and policy
analysis. Questions include why the models were constructed, what questions
they answer, historically the significant insights they have provided, how the
models are being judged for credibility, and the extent to which these models are
meaningful representations of the real world.



Forecasting national gas demand by
modeling fuel purchasing decisions

for end-use customer groups

by THOMAS R. RICE

Applied Decision Analysis
Palo Alto, California

-and

C. JOHN MEESKE

Private Consultant
Troy, Michigan

INTRODUCTION

Rapidly rising domestic natural gas prices and the develop-
ment of higher-priced synthetic fuels have made marketa-
bility a key issue for the natural gas industry, both for
distribution companies and for producers and interstate
pipelines in making reserve acquisition decisions. This paper
describes the methodology underlying a detailed model that
characterizes the interfuel competition between gas, oil,
coal, purchased steam, and electricity. .

The model forecasts the quantity of various fuels de-
manded in a utility company’s service territory by consid-
ering the fuel-purchasing decisions of customer groups.
Each market is segmented into customer groups according
to equipment types and operating characteristics. For ex-
ample, residential customers are divided according to their
heating system (forced air systems, gravity systems, boilers,
and heat pumps). Commercial customers are divided by
Standard Industrials Classification (SIC) codes such as res-
taurants, laundries, schools, and hospitals. The industrial
customers are also divided by SIC codes, and further sub-
divided by major installations. In some cases, both com-
mercial and industrial customers are further broken down
by actual device. For example, large boilers at a major
industrial power plant form a separate market segment.

Consumers switch from one fuel type to another when it
becomes economically desirable to do so, based on a net
present value calculation that takes into account the follow-
ing factors:

e ‘‘hard” economic costs associated with each fuel type
subjective preferences for various fuels

availability of alternate fuels

efficiency of each fuel in providing usable energy
relative importance of present and future costs to each
consumer

e effect of government conservation programs and regu-
lations
o risk of fuel shortages

Alternate gas rate designs included in the model provide
for measurement of the impact of gas rates on gas demand.
The model allows customers to switch to alternate (or mul-
tiple) fueled equipment when it is technically possible and
economically desirable, taking into account the possibility
that a consumer may be technically or contractually required
to use a minimum amount of fuel with such equipment. The
forecasted demand for each fuel type is produced by sum-
ming the demand for that fuel type for each consumer sector.

MODEL OVERVIEW

The major elements of the Interfuel Competition Model
are shown in Figure 1. The central logic of the model deals
with the manner in which customers expand the capacity of
their energy consuming equipment and with their choice of
fuel for both new and existing equipment. This central logic
is supplied with information from several submodels. The
Gas Rate Model computes the retail price of gas by sector
based on projected cost of gas, sales volume, and distribu-
tion costs. Alternate fuel prices for coal, oil, and electricity
depend on sulfur content, annual usage, and proximity to
rail and water transportation. The Industry Growth Model
considers economic growth by SIC code, the corresponding
impact upon energy growth, and the relative growth of dif-
ferent technologies within a sector.

The Capacity Growth Model contains logic to deal with
new energy consuming capacity added to keep pace with
changes in economic activity level. It calculates the amount
of energy consuming capacity existing, added, retired, and
refurbished within each sector for each year under consid-
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Figure 1—Overview of interfuel competition model

eration. Refurbishment is important since it represents a
point where the incremental cost of converting fuel types is
low.

The heart of the Interfuel Competition Model is the
Switching Logic shown in Figure 1. This logic analyzes
consumer decisions regarding possible fuels to meet energy
needs during each of the 20 years considered in the study.
The customer’s decision is based on minimizing the net
present cost associated with each possible fuel, including
the cost of converting from one fuel to another as well as
future prices of various fuels. Net present cost (NPC) is one
component of the more general quantity, net present value
(NPV). The net present value of a stream of investments,
returns, and variable costs at some time period ¢ is given
by:

NPV,=(1-INCOME TAX RATE)E IEI +;/,_C,

—~(1-INVEST. TAX CREDIT) E i — (1)

& (1+r)*
where I; is any investment made in time period j, R; is the
gross return or revenue in period j, VC; is the variable cost
in period j, r is the discount rate, and N is the decision
maker’s planning horizon.

This equation states that the net present value is equal to
the net after-tax value in each period (revenue minus any
investments, all weighted by the appropriate tax rates), dis-
counted by the appropriate rate and summed over all time
periods. The equation for the net present value can be writ-
ten as the difference of two quantities, the net present return
(NPR) and the net present cost (NPC):

NPV,=NPR,-NPC, 2

The net present return is equal to the sum of the dis-

counted returns in each time period weighted by 1 minus the
income tax rate:

NPR,=(1-INCOME TAX RATE) 2 (1 r), ©)
The net present cost is equal to the discounted variable
costs and investments in each time period, weighted by the
appropriate tax rates:
A Lo

NPC,=(1-INCOME TAX RATE) Z T

+(1-INVEST. TAX CREDIT) _2 a +I @

If a consumer switches from one fuel to another and
continues to use the same amount of energy, the benefit or
return that he derives from that energy in each period will
be unchanged. Thus, the net present return does not depend
on the fuel chosen.*

However, switching from one fuel to another will probably
require a capital investment determined by the type of fuel
selected; the variable costs associated with each fuel will be
different.

The variable cost associated with using a particular fuel
in time period j can be written as follows:

VC;=[P;1+ CONVENIENCE PREMIUM)
+(O&M),/FUEL EFFICIENCY &)

where P; is the price of the fuel in time period j, (O&M); is
the operations and maintenance cost associated with using
the fuel in time periodj. ‘‘Convenience Premium’’ is a sub-
jective term used to scale the actual price of a fuel up or
down to reflect a consumer’s bias for certain fuels. This
subjective preference can be based on aesthetics, perceived
safety, or relative ease of contracting. Since the net present
return is the same for each unit of energy, regardless of the
fuel chosen, a consumer can maximize his net present value
by choosing the fuel that minimizes his net present cost.
This is the economic criterion that is used in the Interfuel
Competition Model.

Although the above equations give the correct definition
for the net present cost associated with a particular type of
fuel, a more convenient form is used in the Interfuel Com-
petition Model. This definition is recursive; the net present
cost in one time period is defined in terms of the net present -
cost in the following period:

NPC;=(1+INCOME TAX RATE) VC,

NPCiyy

+ (1+INVEST. TAX CREDIT)/;+ ———— a+1) (6)

Although Equation (6) is equivalent to Equation (4) above,
this equation for the net present cost does not require a sum
of variable costs and investments over time. However, to

* This assumes that by switching from one fuel to another, a consumer does
not face the risk of finding himself with an inadequate energy supply. The
possibility of a general energy shortage and its impact on the decision making
of energy consumers is discussed later.
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calculate the net present cost in any time period with this
equation, we must first calculate the net present cost in the
following time period. In the Interfuel Competition Model
the net present costs associated with each fuel and each
time period are computed by working backwards through
time, starting with the last year considered by the model
and working backwards to the present.

DECISION PATH OUTPUT FROM SWITCHING
LOGIC

The Interfuel Competition Model calculates the net pres-
ent cost associated with switching from every possible fuel
to every other possible fuel (or keeping the same fuel) in
each year. The program then selects the fuel that minimizes
the customer’s net present cost. Using this information, the
model produces an array of decisions showing which fuels
the customer should use over time for each possible initial
fuel type. This array of decision for a hypothetical customer
is represented graphically in Figure 2.

If the consumer was initially using gas, the decision ar-
rows in Figure 2 indicate that he should continue to use gas
through the third year and then switch to oil. On the other
hand, if he started with coal, he should continue to use his
initial fuel for at least the first four years. Figure 2 also
indicates that customer using gas in year 4 should switch to
oil, even though a customer who had started with gas in the
initial year would have switched to oil the third year. Thus,
if the decisions shown in Figure 2 are followed, it would not
be possible for this customer to be using gas in the fourth
year.

ILLUSTRATIVE EXAMPLES OF THE SWITCHING
LOGIC

The model’s switching logic can best be illustrated by
simple examples. To keep the examples manageable, fuel
choices are limited to gas (G), oil (O), coal (C), and dual-
fired gas and oil (G/O). In the actual model additional fuel
types are possible, including electricity, purchased steam,
dual-fired gas and coal. In addition, we will ignore the dis-
tinction between refurbished and remaining equipment in
these examples.

o P 0

o O—=O0—=O0—=0 -+ O

Figure 2—Decision paths—Switching logic output

Example without fuel availability uncertainty

The decisions that a customer with four possible fuel types
must face in any given year are shown in Figure 3. At the
end of year the customer could be using any one of the four
possible fuels, as indicated by the four hexagons at the left
of Figure 3. In fact, he may have several different types of
equipment using different fuels. Some of his existing equip-
ment will have to be retired, and he may need to add some
new equipment to his inventory. For each type of equip-
ment—new, currently using gas, currently using oil, cur-
rently using coal, and currently dual-fired gas/oil—he must
decide which fuel to use in the future. Decisions are shown
in Figure 3 by small squares. Separate decisions are made
for new equipment and for equipment currently using each
of the possible fuels because the economics of switching
fuels is different in each case. Once the customer has made
all decisions for year I, the various pieces of energy con-
suming equipment can be aggregated by fuel type. Thus, if
the customer decides to continue using gas for his gas-fired
equipment, and to purchase some new equipment that uses
gas, the amount of gas-fired equipment carried over to the
next year will include the total of both these equipment
categories. In the following year, I+1, the customer, after
retiring some of his old equipment and purchasing some new
equipment, is again faced with the same set of decisions. In
each case the decisions are based on minimizing the net
present cost associated with each possible fuel.

Figure 4 illustrates how the consumer might make his
decisions for new equipment, equipment currently using gas,
and equipment that can use either gas or oil. It is assumed
that the consumer starts in year I—1 with ten units of ca-
pacity in gas-fired equipment that can burn either gas or oil,
as represented by the 10’s above the hexagons at the left of
Figure 4. If four new units of capacity are purchased to
replace two units of capacity for each type of equipment
which must be retired, the three decisions for year I, rep-
resented by the boxes at the left are: What is the best fuel
type for: (1) the new equipment, (2) the eight units of ca-
pacity currently using gas, and (3) the eight units of capacity
currently using gas and 0il?

The Interfuel Competition Model treats equipment capa-
ble of using more than one fuel (such as the gas/oil equip-
ment in this example) as if it were a separate fuel type. After
the model has allocated demand to dual-fuel equipment, a
separate calculation determines the cheapest available fuel
that the equipment can use in each year. Thus, gas and gas/
oil equipment may both use gas in a particular year. In this
case the allocations to gas and gas/oil equipment must be
summed to determine the total gas demand. However, if oil
becomes less expensive than gas in the following year, the
dual-fueled gas/oil equipment will automatically switch to
oil without incurring any additional investment costs. Equip-
ment based on gas alone will switch to oil only if the dis-
counted cost savings are sufficient to outweigh the required
investment.*

* Multiple-fuel equipment may be required to use a minimum amount of each
of its possible fuels.
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ASSUME {OIL IS CHEAPEST FUEL.

BEST DECISION IS TO REMAIN IN CURRENT FUEL AND START NEW EQUIPMENT IN GAS/OIL.
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Figure 4—An example of the basic switching logic

Let us assume that oil is the cheapest fuel and that the
best decision at each point is to continue using the existing
type of equipment or to purchase new equipment that is
capable of burning both gas and oil. The consumer’s deci-
sions and their effect on the capacity of his equipment and
his demand for various fuels is shown in Figure 4. In year
I—-1 two of the initial ten units of capacity in equipment
using gas only are retired, and the remaining eight units
continue to burn gas only. Similarly, eight of the initial ten
units of capacity in dual-fuel gas/oil equipment are main-
tained through year I and combined with four new units of
capacity capable of burning both fuels. Thus at the end of
year I there are eight units of capacity in gas only and twelve
units of capacity in gas/oil. Since the dual-fuel equipment is
used with the cheapest fuel, oil, the fuel demand in year I
is for eight units of gas and twelve units of oil. In year I+1
the process repeats itself, with the capacity of dual-fired
equipment increasing from twelve to fourteen.

Example with uncertain fuel availability

To generalize the example to uncertain fuel availability
we must differentiate between three general categories of

unavailability. The first is operational reliability; this can be
modeled by adjustments to O&M expenses to reflect inven-
tory carrying costs and stockouts, as in any inventory prob-
lem. The second is long-term shortages of specific fuel types
caused by government regulations or scarcity; this uncer-
tainty is treated explicitly in the model by introducing the
probability of unavailability as illustrated in the example
below. The third is a general energy shortage, where total
supply is insufficient to meet demand. This is modeled by
adding a term to the variable cost equal to the product of
three terms: (1) the probability that a general energy short-
age will occur in each future year, (2) the probability that a
consumer will be forced to do without energy if he is using
a particular fuel when an energy shortage occurs, and (3)
the net cost to the consumer that results from doing without
energy for the expected duration of the shortage.

Figure 5 illustrates a simplified numerical example of the
switching logic contained in the Interfuel Competition Model
when fuel availability is uncertain. Only two types of equip-
ment are considered in the example: that using gas only,
and that capable of burning either gas or oil. For simplicity,
it is assumed that there is no new, retired, or refurbished
equipment; thus all of the existing equipment is carried over
from one year to the next without additions, losses, or sep-



8 National Computer Conference, 1978
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Figure 5—An example of switching logic with uncertain fuel availability

arate decisions for refurbished equipment. It is also assumed
that: (1) the best decision in each year is to remain with the
current fuel unless that fuel becomes unavailable, (2) gas is
the cheapest fuel, and (3) in a year when gas is unavailable,
the duration of the shortage will force consumers to use oil
for half their annual volume. In addition, it is assumed that
there is a 20 percent chance that gas will be unavailable in
each year. This is illustrated in Figure 5 by the probability
node shown as a circle.

The example starts at the end of year (I—1) with ten units
of equipment capable of using gas only and ten units of
equipment capable of using either gas or oil. In this case,
the ten units of dual-fired equipment are run on gas since it
is the cheapest fuel. If gas is available throughout the year
1, none of the equipment is modified and twenty units of gas
are demanded. However, if gas is unavailable in year I, the
ten units of equipment on gas only are converted to allow
them to burn either gas or oil. All the dual-fueled equipment
is then operated on oil for half the annual volume, and on
gas for the rest of the year. At the end of year I, either ten
units of capacity will operate on gas and ten on gas/oil, or
all of the equipment will have been converted to gas/oil,
depending on whether or not gas was available during the

year. The expected capacity at the end of year I is eight
units of equipment capable of burning gas only, and twelve
units of dual-fuel equipment. During year I there is an 80
percent that the entire demand will be for gas, and a 20
percent chance that the demand will be split evenly between
gas and oil. Thus, the expected demand will be split evenly
between gas and oil. The expected demand during the year
is for 18 units of gas and two units of oil.

In the year I+1, the process repeats itself. The expected
capacity of equipment capable of burning only gas drops
from 8 to 6.4, while the expected capacity of dual-fuel equip-
ment rises from 12 to 13.6. However, there is still an 80
percent chance that the entire demand during year I+1 is
for 18 units of gas and two units of oil, unchanged from the
previous year. This example illustrates the fact that the
possibility of fuel shortages may cause consumers to protect
themselves by switching to dual-fired equipment without
changing the expected demand for individual fuels. This type
of consumer behavior, which is incorporated into the Inter-
fuel Competition Model, leads to volatile energy markets
marked by large fractions of total energy demand that switch
rapidly from one fuel to another.
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OTHER ISSUES

Fuel availability is just one of many issues considered in
designing and implementing the Interfuel Competition
Model. Other phenomena of importance include:

e Lags in consumer response to energy market changes

e Different planning horizons used by energy consumers

® I egal and physical constraints that limit a consumer’s
ability to switch from one fuel to another

® Rate structures employed by electric utilities

e Effects of conservation, regulation, and growth within
the gross national product on energy demand

¢ Interdependence of prices and volumes of all fuels.

CONCLUSION

This model is among the first models to predict market
demand and market share by examining the behavior of
specific customer groups. Most other demand forecasting
methodologies rely on price elasticities or market share
curves, and, consequently, they predict a smooth response
of demand to price differentials between fuel types. Of
course, price response depends on specific data used in the
model, but typical demand curves derived from the model
are not smooth. Gas demand forecasts from the model based
on dynamic programming, probabilistic decision theory, and
detailed market segmentation should be more accurate than
forecasts from traditional models.






General equilibrium models for energy policy analysis

by HORACE W. BROCK

SRI International
Menlo Park, California

INTRODUCTION

In this paper we shall provide an elementary overview of
the concept of general economic equilibrium in the concrete
context of the U.S. energy market.* With this aim in mind,
we shall introduce and discuss several important, large-scale
energy models which embody the assumptions of the meth-
odology of economic equilibrium. The models which will be
discussed were all developed since the OPEC embargo of
1973—an event which has provided the impetus for devel-
opment of sophisticated computer models useful in energy
planning and policy-making.

In the first section, the models of Hudson and Jorgenson!
and Hnyilicza® are introduced. The discussion here will
hopefully provide the reader with a clear diagrammatic ex-
position of the concept of general economic equilibrium. By
“‘economic equilibrium” we mean a state of the economy in
which prices are such as to equate the supply and demand
for all commodities under consideration. These two partic-
ular models provide a good starting point for our discussion
since they are very broad in scope, encompassing both the
energy and the non-energy sectors of the U.S. economy. In
doing so they take account of the important linkages which
exist between the energy and non-energy sectors.

Then in the second section, we introduce the SRI National
energy model, sometimes referred to as the SRI-Gulf model
since it was originally developed with the collaboration of
the Gulf Oil Corporation. Qur focus in this section is on the
algorithm through which economic equilibrium is deter-
mined in a dynamic economic context. An understanding of
the algorithm not only sponsors an in-depth understanding
of the SRI model and ‘‘how it works,”’ but permits an ap-
preciation of the important role of computation in large-
scale models. Finally, in the last section, we conclude with
some remarks on the role of economic models in energy
policy analysis.

* The research discussed in this paper was sponsored by the Office of Policy
Research and Analysis of the U.S. National Science Foundation. The report?®
on which this paper is based was co-authored by the present author, and by
Dr. Dale M. Nesbitt of Decision Focus, Inc. of Palo Alto, California.

11

THE HUDSON-JORGENSON/HNYILICZA MODELS—
AGGREGATE MODELS OF ENERGY AND
ECONOMIC GROWTH

Background

In 1974, Edward Hudson and Dale Jorgenson® introduced
a model of energy and economic growth. The Hudson-Jor-
genson model consisted of two somewhat separate submod-
els: a macro-economic model of economic growth, and a
multi-sector interindustry model. The model was the first to
make use of a new and advanced methodology for econo-
metric estimation in a general economic equilibrium context.
This methodology is known as ‘‘translog economic model-
ing”’ in the technical literature.

An ostensible problem with the Hudson-Jorgenson model
was its failure to integrate its two submodels in a completely
satisfactory way. It was not clear that the inputs and outputs
of the two submodels were compatible. This difficulty pro-
vided the motivation for Esteban Hnyilicza® to develop a
model which, while very similar to the Hudson-Jorgenson
model, differed from it in its treatment of economic growth.
Specifically, Hnyilicza has attempted to build a model in
which the multi-sector inter-industry model and the macro-
economic growth model are satisfactorily integrated. The
Hnyilicza model also differs from the Hudson-Jorgenson
model in being much more highly aggregated. Specifically,
it consists of only two sectors, namely the energy and non-
energy sectors of the economy. In other important respects,
such as use of the ‘‘translog” methodology, the two models
are much the same.

In this section, we are going to discuss the Hnyilicza
model at some length. The purpose of discussing this model
rather than the Hudson-Jorgenson model is that our dia-
grammatic mode of exposition of the methodology used in
both models requires that we limit ourselves to a simple
model with very few sectors.

Introduction

Hnyilicza has constructed an integrated model for the
purpose of analyzing the relationship between economic
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growth, and the (equilibrium) prices and quantities of both
energy and non-energy goods. His model provides the basis
~for computing a trajectory of future market clearing (i.e.,

“‘equilibrium’’) prices and quantities of the following com-
modities:

. Energy consumption goods

. Non-energy consumption goods

. Energy intermediate goods

Non-energy intermediate goods

. Capital services to the energy sector

. Capital services to the non-energy sector
. Labor services

. Energy imports

. Non-energy imports

These outputs are generated on a period-by-period basis as
the solution to a model consisting of fifty-five (nonlinear)
simultaneous equations. By analyzing time-series projec-
tions of the prices and quantities of these goods, Hnyilicza
can diagnose the relationship between economic growth on
the one hand, and the relative prices of energy and non-
energy goods on the other hand. It is also possible to study
the rate of substitution of capital and labor for energy, as
well as the economic impact of alternative tax and conser-
vation policies.

Overview of the model

Figure 1 displays the overall structure of the Hnyilicza
model. There are three basic model sectors: industrial pro-
duction, consumption, and investment.* The fact that these
sectors are enclosed by solid as opposed to dashed lines is
supposed to describe the fact that the outputs of these sec-
tors are determined endogenously within the model. This is
not the case with the government sector and the foreign
sector. The latter two (which are enclosed by dashed lines)
are largely exogenous to the model.”

Before delving into the details of the three sectors, let us
briefly summarize what takes place in the model in hopes of
better motivating Figure 1 and in hopes of providing the
reader with a guide to the model. One preliminary word of
warning is in order. It is extremely difficult to describe what
‘““goes on’’ in any general equilibrium economic model on a
sector-by-sector basis. The reason for this is simply that
what happens in any one sector affects every other sector.
Nonetheless, we have tried to motivate the model by means
of a sector-by-sector discussion since there seems to be no
satisfactory expository alternative.

Two things happen in the consumption sector. First, the

* It is perhaps a bit artificial and unnecessary to identify an ‘“‘investment
sector’” which is distinct from the consumption and production sectors. We
have only done so in order to facilitate a description of what goes on in a
‘‘growth”” model.

T Specifically, the behavior of the government sector is almost completely
exogenous. In the import markets, whereas the supply curve for imported
goods is exogenous, the demand curve for imports (energy and non-energy)
is endogenous.

‘“‘national household’s”’ inter-temporal utility function de-
termines the split between present consumption and future
consumption (i.e., savings). More specifically, the house-
hold is assumed to determine a utility-maximizing split be-
tween consumption and savings as an (econometrically es-
timated) function of wealth, the wage rate, and government
transfer payment levels. Second, the consumer decides upon
an intra-period split between leisure, energy consumption
goods, non-energy consumption goods, and capital services.
The optimal split is that which is utility-maximizing, subject
to the consumer’s budget constraint. This split will of course
be a function of the relative prices of the various consump-
tion goods, and the wage rate, among other things.

The two industrial production sectors—energy and non-
energy—determine an optimal (profit-maximizing) level of
outputs, and an optimal (profit-maximizing) configuration of
inputs used in producing the equilibrium output levels.

Finally, the investment sector determines the level of cap-
ital services which will be available in any given period. As
we shall see, this level depends on both the efficiency of
capital, and on the level of capital stocks in the preceding
period. The investment sector also determines the overall
level of gross investment in any given period, as well as the
fractions of gross investment going to the energy sector, the
non-energy sector and the household.

A diagrammatic exposition

An important question arises concerning the best way in
which to explain and motivate a model which is as general
as the Hnyilicza model. Two approaches seem to be
possible: a mathematical approach and a diagrammatic ap-
proach. We have settled upon a diagrammatic exposition of
the model. More specifically, we shall motivate the model
by discussing each of the three sectors (production, con-
sumption, and investment) from the standpoint of the de-
mand curves and the supply curves which are implicit in the
equations which characterize economic behavior in each
sector. This strikes us as a compact and intelligible mode of
exposition. Furthermore it permits us to conclude our dis-
cussion with what we hope to be a highly appealing summary
of the model: namely, a picture (Figure 5) in which we
superimpose the various supply and demand curves which
we ‘‘extract’’ from each of the three sectors. The price-
quantity pairs of all of the points of intersection of these
supply and demand curves will clearly constitute a general
economic equilibrium. And these equilibrium prices and
quantities coincide with the values of the endogenous vari-
ables which are determined when the model is solved.

In light of our decision to explicate the model in terms of
the supply and demand relationships that are implicit in the
equilibrium equations of the model, a caveat must be issued
from the outset. Whenever the reader sees a picture of a
supply curve or a demand curve, he should realize that he
is beholding an illusion. For in point of fact, there are no
such things as supply and demand curves per se. There are
only conditional supply and demand curves. Let us illustrate
this point since it often engenders confusion. Consider a two
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Figure 1—The Hnyilicza model structure

commodity world consisting of coffee and sugar. In general,
the reader would be hard pressed to spell out his price-
demand relationship for coffee. He would only be able to
do so if he knew how much sugar he would be allotted. Thus
we can speak of a demand curve for coffee conditional upon
a particular consumption level of sugar. For this reason, it
is somewhat artificial to characterize market equilibrium
below in terms of a set of supply curves and demand curves.*

Methodology of the model
Industrial production sector

The function of the production sector in the context of the
larger model is twofold:

a. to determine an equilibrium factor input mix which is
optimal (profit maximizing) for each industry in pro-
ducing its total output;

b. to determine the total (equilibrium) output levels that
meet the demands of the intermediate market and of
the final goods market.

As we saw in Figure 1 and as we see in more detail in
Figure 2 on the next page, we can think of the production
sector as an input-output structure. We summarize this
input-output structure in Table I.

i Nonetheless, it will be true that if we somehow knew the equilibrium
quantities of all commodities, then we could sketch a set of conditional supply
and demand curves whose points of intersection do constitute the market
equilibrium. The problem of course is that one does not know the equilibrium
in advance.

It is important to realize that even though we are speaking
of production in ‘‘input-output’’ terms, the Hnyilicza model
is not an input-output model in the classical sense of that
term. Rather, it is a generalized input-output model. In such
models the input-output (transactions) coefficients, rather
than being given exogenously (as would be the case in the
economy whose technologies permitted no substitutability
among inputs), are functions of the prices of all inputs and
the configuration of final demand. Specifically, we can write
a;=fw,p,y,x)

where: w is the vector of input factor prices
p is the vector of output prices
y is the vector of final demands
x is the vector of gross outputs.

The equilibrium coefficients {a;*} that are implicitly
solved for by the model designate the profit-maximizing

TABLE 1
Inputs

Labor Services

Capital Services*

Imports

Energy Intermediate Goods
Non-Energy Intermediate Goods

Energy Industry Outputs Non-Energy Industry Outputs

Non-Energy Consumer Goods
Non-Energy Intermediate Goods
Investment Goods

Energy Consumer Goods
Energy Intermediate Goods

*Capital services are the annual services generated by existing stocks
of capital goods. These services are provided to the productive process.
"Capital goods" have a life exceeding one year, by definition, whereas
"intermediate goods'" are consumed by the production process within a year.
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Figure 2—Industrial production sector

number of units of commodity i which are utilized in the
production of each unit of commodity j. Let us now press
towards a deeper understanding of what is going on in the
production sector. A result of this will be an enhanced un-
derstanding of the equilibrium coefficients {a;*}.

The most straightforward way in which to characterize
what goes on in the production sector of the model is to
depict the various supply curves and demand curves which
are implicit in the equilibrium equations which characterize
rational economic behavior on the part of the two industries:
energy and non-energy.

The entrepreneur must make essentially two different
types of decisions. He must decide upon a profit maximizing
level of output of the commodities he manufactures; and he
must decide upon a profit maximizing mix of inputs to be
used in meeting his (optimal) production schedule.

Clearly his optimal choice of output levels and input mixes
will be a function of the relative prices of outputs and inputs.
Indeed, it is customary to speak of the relationship between
the price of a given input and the quantity demanded by the
entrepreneur at that price as the derived factor demand
curve of the input (or ‘‘factor’’) in question. And the rela-
tionship between the optimal output level of a given output
and the price of the output is summarized by the supply
curve of the output.

With this in mind the reader is referred to Figure 2, where
we identify the various derived demand curves and supply
curves that are generated within the production sector. Let
us summarize the information contained in the figure.

The derived factor demand curves and the supply curves

There is one derived factor demand curve for each input.
Since both the energy and the non-energy sector use five
inputs, there are therefore ten derived demand curves in all:

Energy Non-Energy

Labor Services
Capital Services
Energy Intermediate

Labor Services
Capital Services
Energy Intermediate

Demands: Goods Goods
Non-Energy Non-Energy
Intermediate Intermediate Goods
Goods Imports
Imports

The derived demand curves associated with these input de-
mands are illustrated in Figure 2.

With respect to supply, the energy sector produces only
two goods whereas the non-energy sector produces three
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goods:
Energy Non-Energy
Energy Non-Energy
Consumption Consumption
Goods Goods
Supply: Energy Intermediate = Non-Energy
Goods Intermediate
Goods

Investment Goods

The associated supply curves are indicated in Figure 2.

An input-output interpretation

We are now in a position to give an interpretation to the
equilibrium Input-Output coefficients {a;;*}. Note in Figure
2 that in two (and only in two) of the markets pictured there
do we have well-defined supply and demand curves. This is
the case in the markets for energy intermediate goods and
non-energy intermediate goods. Suppose now that we could
‘‘complete” our description of the remaining eight markets
by obtaining the missing supply and demand curves. (As
will be seen, these missing curves are generated in the other
two sectors of the model to which we shall turn shortly.)
Suppose finally that we were to take note of the equilibrium

point in these ten markets, that is, the equilibrium prices
and quantities of the ten commodities.

It would then be straightforward to compute the equilib-
rium input-output coefficients either in dollar terms or in
physical terms—using simple arithmetic. The collection of
coefficients so obtained would coincide with the collection
{a;*}. That is, these are the equilibrium input-output coef-
ficients associated with profit-maximizing behavior on the
part of the industries with respect to the choice of input mix
and the choice of output level.

The consumption sector

Figure 3 portrays the consumption sector in some level of
detail. Looking at the top part of the figure it is clear that
two things take place in the consumption sector model.
First, an “‘intertemporal’’ utility function determines a util-
ity-maximizing split between present and future consump-
tion. This utility function is an econometrically estimate
function of: ‘

Time

Interest rate

Existing wealth

Wage rate

Government payments to household (e.g., welfare)

Energy
Consumption |
Non-Energy .
/ Consumption
Budget . Inter~ { g} Present s| Inter-
‘Temporal Consumption Temporal —
Utility Utility Capital _
Services
Factor Factor
Savings
Leisure
1] \ Y y
Savinés Labor Services Capital Services INon—Energy Consump~ Energy Consumptive
Goods Goods
p __,,f,//////s ' -_———/////’s P P P
d d d
q —q q q q

Figure 3—The household sector
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Second, an ‘‘intratemporal’’ utility function determines
the split within a given period of household expenditures
between the four consumption goods, namely energy con-
sumption goods, non-energy consumption goods, capital
services, and leisure. By capital services we mean the an-
nualized value of the services which flow from consumer
durables or residential stock. The intratemporal utility func-
tion which performs this split is an econometrically esti-
mated function of price, the level of consumption of each
good, and time.

A supply and demand curve interpretation

A deeper understanding of the consumption sector can be
obtained by considering the supply and demand curves
which are implicit in the equilibrium equations characteriz-
ing utility-maximizing behavior on the part of the household.
These price-quantity relations are shown in the lower por-
tion of Figure 3. Interpretation of all of these curves is
straightforward with the exception of the supply curve of
labor services. This curve is in fact the inverse of the de-
mand curve for leisure services. As the wage rate increases,
leisure becomes more expensive. Work is substituted for
leisure, which increases the supply of labor.

Investment and capital accumulation

Formally speaking, the investment sector is part of the
production sector. Nonetheless, it is useful to isolate it as

a separate sector for the purposes of enhancing an under-
standing of capital accumulation in the Hnyilicza model.
The situation is pictured in Figure 4. Consider the upper
part of the figure. The supply of new investment goods that
come on stream in a given year ¢ appears on the left. Next,
the supply of new investment goods is split three ways into
the shares of investment goods going to the energy, non-
energy, and domestic sectors. This split is realized by the
use of a multiplier which reflects historical ratios in the
apportionment of investment goods.

Moving further to the right, we add in the depreciated
value of capital stock for the respective sectors. These are
the values of stocks at the end of the previous year. The
result of this addition is the current level of capital stock.

Moving yet further to the right in Figure 4, the values of
the current level of capital stock in the two industrial sectors
are multiplied by the efficiency of capital. The result of this
operation is defined to be the level of capital services in
period ¢. ;

We exhibit the current supply of capital services generated
in this fashion within each of the two industries as two
supply curves. The reader will note that these supply curves
are perfectly inelastic. The reason for this is that the level
of capital services is not a function of any current prices.
One might think that this level would be a function of the
current price of new investment goods. This is not the case,
for in this model there is a one period lag between the time
when capital goods are produced and the time when they
begin to generate capital services. The investment goods
which come ‘‘on stream’’ in year k and which appear in the
upper left of Figure 4 were actually produced in year (k—1).

Gross Investment l

Depreciated
Cepital Stock
From Past Years

Current Efficiency|__Su

S 1y of New
uPP.y Energy Section

*! split

Coming On-Stream Gross Investment _{

Non-Energy SectionL

o m |
iInvestment Goods |

:Going to Household:

L__| capital Stock

Current
Capital Stock

of Capital] Capital Services

Efficiency
of Capital

Supply of
Capital Services

l —————————
‘
1
)
{ Capital Capital
Savings Services Services Investment Goods
Energy Non-Energy

Figure 4—Investment sector
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Two other price-quantity curves appear in the figure.
First, there is a demand curve for investments goods. This
demand curve is seen to be perfectly elastic. Moreover, it
appears as a dashed line. Why? We have used a dashed line
to indicate that this demand curve is an artificial construct.
For in the Hnyilicza®? model, the (equilibrium) level of in-
vestment goods is, in fact, ‘‘supply-determined.”” Whatever

quantity of investments goods is supplied is assumed to be -

absorbed—irrespective of own price. It is for this latter
reason that the curve appears as perfectly elastic.

In point of fact, it is possible to introduce a demand
function for investment goods in the Hnyilicza model. For
one of the basic equilibrium conditions of the model is that
investment equals income minus consumption. [This equi-
librium condition is imposed on the model.] Consumption,
in turn, is a function of income and of the price of labor,
capital, etc. Thus, the demand for investment goods is in-
deed a function of “‘prices’ in the Hnyilicza model. Our
point above is simply that it is not helpful to characterize a
market of investment goods per se, and to plot the demand
for investment goods as a function of the price for invest-
ment goods. For, as we said above, whatever quantity of
investment goods is produced is assumed to be demanded.

Last of all, there is a demand curve for savings. This
appears as a dashed vertical line. Why? The reason for this
is that there is no ‘‘demand curve’’ for savings per se in the
model. Rather, savings is assumed to equal investment.
Once again, just as in the case of the demand for investment
goods above, it is possible to assert that there is a demand
function for savings embedded in the Hnyilicza model. For
the so-called ‘static equilibrium condition” of this type of
growth model is that savings equals income minus ‘“desired”’
consumption. This relationship is imposed on the model,
and serves to relate industry demand for savings to con-
sumption and hence to relative prices, since consumption
depends in part on prices.

The reader who finds the rather arbitrary treatment of
investment and savings perplexing should be aware of the
motivation for the static equilibrium conditions such as
“Savings=Investment’’ that are imposed on the model. The
rationale for these assumptions is simply to insure consis-
tency between the aggregate savings decisions by individuals
on the one hand, and the aggregate investment decisions of
producers on the other hand. There would be no need, in
principle, for imposing static equilibrium conditions if the
model included a full set of futures markets, and if an equi-
librium set of prices and quantities across time were com-
puted simultaneously, as is the case in the SRI model. Of
course, to point this out is not to make a value judgment
about the quality of the SRI model versus the Hnyilicza
model, since the emphases of the two models are different.

General equilibrium in the Hnyilicza model

Figure 5 shows the result of collecting together the various
supply and demand curves that we have extracted from the
production sector, the consumption sector, and the invest-
ment sector. The point of intersection of all of these curves

coincides with the equilibrium prices and quantities that
Hnyilicza’s fifty-five simultaneous equations are solved for.
We can thus interpret equilibrium in terms of supply-demand
balance in the following markets:

Capital Services to the Energy Industry
Capital Services to the Non-energy Industry
Labor Services

Energy Imports

Non-energy Imports

Energy Consumption Goods
Non-energy Consumption Goods
Energy Intermediate Goods
Non-energy Intermediate Goods
[Investment Goods]

[Savings]

eV E W=

—

Time-series projections of these equilibrium prices and
quantities are the principal outputs of the Hnyilicza model.
The following variables are exogenous to the model and are
required as inputs:

Inventory investment

Labor force

Tax rates

Government expenditures

Exports

International financial claims

Government transfer payments (e.g., welfare)
Rate of unemployment

Import prices

Rate of replacement of capital stock

Initial year private national wealth

Initial year capital stock

Quality of capital (a constant, multiplied by capital
stock to give capital services)

A note on the new version of the Hudson-Jorgenson
model*

Hudson and Jorgenson have recently reworked their orig-
inal model. Their new model is very similar to the Hnyilicza
model, especially as regards the use of the variable coeffi-
cient input-output methodology in an economic equilibrium
context. Where the two models differ is in the degree of
disaggregation of the production sector. As we saw, the
Hnyilicza model’s production submodel consisted of two
sectors: energy and non-energy. The Hudson-Jorgenson
production submodel consists of six sectors:

e Coal

Crude petroleum

Refined petroleum products
Electricity

Natural gas (crude)
Delivered gas

® o 0 0 o

* The author is grateful to Dr. Edward Hudson for a helpful discussion.
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Figure 5—Summary of markets in the Hnyilicza model

THE SRI NATIONAL ENERGY MODEL

Introduction

The SRI National Energy Model is an economic equilib-
rium model of the U.S. energy system covering all major
fuels from primary resources to end use energy consumption
(i.e., energy service demands) over the period 1977 to 2025.
The model is regionally disaggregated with nine demand
regions (such as New England), twenty primary resource
supply regions (such as Alaska North Slope), and 600 trans-
portation and distribution links. Conversion technologies
such as coal gasification, crude oil refining, and electric
power generation by type of fuel are explicitly modeled. The
model computes regional prices and quantities of all energy
forms, as well as energy technology requirements over the
period of 1977 to 2025 by balancing supply and demand.

The SRI model differs in several important respects from
the models considered in the previous section. To begin
with, the Hudson-Jorgenson and Hnyilicza models are
highly aggregated models of the overall economy. In con-

trast to this, the SRI model is a very disaggregated and
detailed model of the energy sector of the U.S. economy.
All this detail can be represented graphically by means of a
‘‘spatial network.”” We shall discuss this network just below.
Above and beyond this, the SRI model makes use of a
different methodology. While the model is an economic
equilibrium model in the sense that it determines prices and
quantities which are in supply-demand balance,—just as the
other models do—it does not make use of the ‘‘translog’
methodology. There are no variable input-output coeffi-
cients. Rather, economic equilibrium is characterized in a
much more direct manner. One solves directly for prices
and quantities which are in balance. Moreover, we can vi-
sualize ‘‘equilibrium’’ in this model in terms of a supply-
demand balance at each point in the spatial network referred
to above.

Partly for this reason, we shall start off by discussing the
spatial energy network which lies at the heart of the model.
Next we shall describe what is meant by ‘‘equilibrium’’ in
this context. Finally, we shall gain a deep understanding of
the model by analyzing the algorithm used to achieve a
supply-demand balance throughout the network.
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A spatial network representation of the energy market

The essence of the SRI model is a spatial network rep-
resentation of the energy system. In the network, the major
elements of the U.S. energy system—from the primary re-
source supplies through the end use energy demands—are
described in relationship with each other. A sample energy
network is shown in Figure 6. In this figure, the resource
supply curves are at the bottom; the usable energy demand
curves are at the top. Between these curves is the network
describing the entire energy system. The current network
has about 2400 materials, processes, and transportation
links. A material is a primary resource product, or usable
energy form at a specific location. A material is represented
by a node in Figure 6. A process represents a sector of the
energy industry such as coal mining or gasification at a
specific location or a class of consumers using a particular
energy-consuming device. A transportation link represents
the process of moving a material from one location to an-
other.

To get a sense of the many paths in the network, consider

SPACE HEAT

"~ RESIDENTIAL-COMMERCIAL

first the path where coal is mined, converted into synthetic
(high Btu) gas, piped to a demand center in a demand region,
distributed to industrial users, and consumed as boiler fuel
to produce steam. The same end use market could be sup-
plied by coal transported by unit train, distributed to the
same industrial users, and used in a coal boiler to produce
steam. These two paths can be traced in Figure 6. In the
SRI National Energy Model, there are 24 end uses (such as
industrial steam) in each of the nine demand regions, and
thirty primary resource supplies (such as coal) in the various
resource basins. The alternative conversion technologies in
the model include all important types of electric power gen-
eration (in base, intermediate, and peak load applications),
crude oil refining, coal gasification, methanol from coal,
hydrogen production from coal, transportation, distribution,
and end use conversion.

The model explicitly considers the evolution of the energy
system through time—it calculates prices and quantities in
a number of time periods. It is important to recognize that
the solution to this ‘‘dynamic’” model is not equivalent to
using a ‘‘static’’ model in each of the time periods. Rather,
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Figure 6—Example of elements of the energy model
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the prices and quantities in each period are described by
equations interrelating both past and future prices and quan-
tities.

On the meaning of economic equilibrium in the SRI model

In their earlier research, Brock and Nesbitt® have drawn
upon economic theory to establish the following results con-
cerning economic equilibrium in spatial networks:

1. There exists an aggregate demand curve and an ag-
gregate supply curve at every material node (circle) in
the network;

2. There exists a supply curve and a demand curve on
every link in the network. Any such pair characterizes
the supply/demand conditions governing the behavior
of the (unique) conversion or transportation process
attached to the link.

The equilibrium prices and quantities are those for which
all aggregate supply/demand curve pairs are simultaneously
balanced at all material nodes; or equivalently for which all
supply/demand curve pairs are balanced on all the links of
the network.

The operation of the model

The SRI model is best described in terms of the algorithm
used to solve for equilibrium, and in terms of the relationship
of the algorithm to the spatial network and its components.
Therefore, in this section we shall describe the algorithm in
considerable detail. When we say that this algorithm
“‘solves” the spatial network we simply mean that it deter-
mines the set of equilibrium prices and quantities which
obtain at each point (link and node) in the network.

The algorithm consists of four essential steps which are
repeated at each iteration. The procedure is illustrated at a
fairly abstract level in Figure 7. Beginning with an initial
‘“‘guess” at the equilibrium quantity g,, the four steps of
the algorithm are:

1. To apply (inverse) resource supply function*
=51}

2. To proliferate prices up the network (supply function
transformation)

Pr+1 =]:«;[pk]
3. To apply usable energy demand function
Ges1 =D[Pyess ]

4. To proliferate quantities down the network (demand
function transformation)

G2 =Tpl G+

* An inverse supply function expresses price as a function of quantity.

O(Fy41)
DEMAND
FUNCTION
P
e+t Yen
| DEMAND
SUPPLY FUNCTION FUNCTION

TRANSFORMATION TRANSFORMATION

k+2
Ig-1.0°

®

INVERSE
SUPPLY
FUNCTION

sg, )

Figure 7—SRI model algorithm

We will now discuss each of these four steps in some detail,
and in a less abstract manner.

1. Inverse Supply Function: In the first step of the algo-
rithm, the inverse supply function describing each of the
primary resources at the bottom of the network in Figure 6
is applied. The algorithm begins with a ‘‘guess’’ at the pro-

RESIDENTIAL
END USERS

INDUSTRIAL
END USERS

GAS PIPELINING
AND DISTRIBUTION

] ]
.

NATURAL GAS SYNTHETIC GAS

‘lA q

Figure 8—Illustrative gas network
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duction level over time for each of the primary resources

(denoted gy, (#) as in Figure 7, where the ¢ denotes a vector ‘

over time).

Using the guess g, (?), the inverse supply function is
applied to give p, (), the price of the corresponding primary
resource. Schematically, Step 1 is given by

pe(D=8""g—, ()]

The inverse supply functions are given exogenously, one for
each primary resource.

The first step of the algorithm is to guess initial quantities
4,°% qz° of natural gas and synthetic gas respectively and,
using the natural gas and synthetic gas supply curves, to
calculate the corresponding prices p,! and pg! for natural
and synthetic gas. These prices apply at the process boxes
A and B in Figure 8.

2. Supply Function Transformation: In the second step of
the algorithm, the intermediate technology submodels are
used to compute product prices given input fuel prices.

The technology models begin by assuming that the mea-
sure of profitability to a firm which builds a unit of capacity
at time £ is given by the net present value of the cash flow
generated by that unit of capacity:

Nl 3 B

where

c(f)=capital cost of the new unit of capacity built at
time ¢;
p(T)=product price at time T;
¢(T)=operating cost (including fuel cost) at time T;
r=discount rate (cost of capital)
L=life of technology.

In order to simplify our discussion, we will assume that
technologies have a useful life of three years (L =3) and that
we wish to consider the interrelationship of prices over a
three-year time horizon.

It is known from elementary economic theory that at
equilibrium, profit maximizing firms earn zero profit. Ex-
pressed in terms of net present value, the zero profit as-
sumption is equivalent to:

NPV()=0 t=1,2,. ..

where we have assumed that the cost of debt and equity
capital are included in the discount rate r. Assuming
NPV(£)=0 for new plants built in Years 1, 2, and 3, we can
write:

pR)-62) . pB)-¢3)
C(l)=P(1?_¢(1)+ 1+7 + (1+7r)?

pB3)-6(3) . pd)—p(4)
C(2)=P(2)_¢(2)+ 1+r (1+r)2
e®)=pB)- 4y P2 P ((51): f}fs),

which interrelates the equilibrium prices (and, of course, the
capital and operating costs and the discount rate). If the firm

which is trying to decide whether to add new capacity at
time ¢=3 knew with certainty what future prices [p(4) and
p(5)] and future operating costs [¢(4) and ¢(5)] would be,
it could, by rearranging the third equation above, calculate
the minimum price in Year 3, p(3), below which it would
not add capacity and above which it would add more ca-
pacity.*

p@)-9¢@) pB)-906)
1+r 1+r)p

pB)=06B)+c(B3)-

~

=6@3) +

Knowing p(3), $(3), p(4), and ¢(4), the second equation of
the above three can be used to solve for p(2). A similar
calculation gives p(1).

To summarize, for each technology, given the fuel prices
(contained in ¢(z)), given assumptions about prices and op-
erating costs past the end of the model horizon, and given
process economic data (c(f) and ¢(?)), product prices are
calculated recursively backward in time

r(3), p(2), p(1)

as indicated above. When we arrive at the top of the net-
work, we will have calculated the prices py..,(#) in Figure 7.
We have denoted this upward proliferation of prices by using
the notation py, (1)=T,[p, ®)]-

Returning to Figure 8, Step 2 of the algorithm involves
taking the prices p,°, ps° (and the quantities ¢,°, gz° and
determining the corresponding prices p,°, p,° at the top of
the network. The first step is to compute the average price
of gas entering the pipeline at « in Figure 8 as follows:

capital charge

_Pa °q,4°+P5’q5°
q.°+q°

k]

The price of gas delivered to the two end users (i.e., to 8 in
the figure) and would simply be

P
p=p’=  +c.

3. Demand Function: The third step in the algorithm is to
apply the direct demand function at the top of the network
using the prices py.,(f) computed on the way up in Step 2.
That is, an estimate of demand is obtained by applying the
demand function

Ar+1 (0)=DIpyss 1

Returning to Figure 8, this step of the algorithm involves
taking the price p,° of residential gas determined by Step 2
and finding the residential demand ¢, ° at that price using the
residential demand curve. A similar procedure yields the
industrial demand ¢,° corresponding to the industrial gas
price p,° determined in Step 2.

4. Demand Function Transformation: In the fourth step
of the algorithm, the technology submodels are used to com-
pute fuel requirements given product demands, and market
share submodels are used to divide demand among compet-

* Equilibrium would obtain at the price p(3) itself because the firm would just
be indifferent between adding and not adding capacity.
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ing technologies based on the price computed for those
technologies in Step 3. We will discuss both calculations
briefly.

First, each technology is characterized by a thermal effi-
ciency e(?) for new units built at time ¢ and thus by an
average efficiency e(z) for all plants in place at time ¢. Hence,
the fuel required is given by

Grr2 (=i (O)/€(2).

Second, if the quantity g;.,(?) is to be split amiong a number
of competing suppliers, a ‘‘market share’’ model is applied
to the quantity g, (#) to split it among competing supply
technologies based on the prices computed for those tech-
nologies in Step 2. We do not have space enough to discuss
this market split model here.

This step of the algorithm is better explained in terms of
the network in Figure 8. Referring to that figure, the fourth
step of the algorithm actually consists of two operations.
First, the residential and industrial quantities ¢,° and ¢,°
respectively determined in Step 3 are added to give the total
demand for gas g=¢,"+¢,° at 8 in the figure. In order for
the pipeline to deliver g units of gas at 8, it must take in
g/e units of gas at «, where e is the thermal efficiency of
the pipeline, including transportation losses.

Given the demand g/e of gas at «a, we then apply the
market share model to compute how much of that gas would
be synthetic and how much would be natural at the prices
P4°, pp° determined in Step 2. That is, we would compute

q4'=MS,(p,°, ps®)xqle
q5'=MSz(p,°, p°)x Gle

where MS, (p,°, pg°)is the fraction of the demand that would
be satisfied by Process A (natural gas) if the prices of natural
and synthetic gas were p,° and pg° respectively, and simi-
larly for Process B.

Characterization of equilibrium in the network

If g,'=q,° and gz'=qy° equilibrium has been achieved
(recall that ¢,° and ¢° were our initial guesses in Step 1).
If not, we return to Step 1 with the new guesses g, and gz,
and repeat the four steps, as many times as necessary to
achieve equilibrium.

THE ROLE OF ECONOMIC MODELS IN
NORMATIVE POLICY ANALYSIS

We shall conclude the present essay by issuing some pre-
cautionary remarks about the role of economic models in
normative public policy analyses. The interested reader will

find an elaboration of these remarks in Chapter I of Brock
and Nesbitt.?

It must be appreciated that the models discussed in this
report are economic in nature. That is, their aim is to project
prices and quantities of energy (and, sometimes, non-en-
ergy) commodities. Yet normative policy analysis is inter-
ested not only in the economic dimension of alternative
policies, but also in the political and the ethical dimensions.

For example, a policy maker might well wish to have at
least probabilistic information about the likely price/quantity
impacts of pursuing alternative strategies. For an example
of this, see the companion paper presented by Dr. Steven
N. Tani. Tani points out how price quantity data generated
by an energy model can be used to make economic
welfare judgments about alternative policies by means of the
criterion of ‘‘net social surplus.” This is important—indeed,
it is far the most important role of strictly economic models
in normative policy analyses.

But the same policy maker might also wish to know the
political implications of pursuing alternative strategies. For
example, a policy which looks good on economic grounds
may for various reasons be ‘‘politically unacceptable.”
Game theoretic models can in principle be used to determine
which policies are politically acceptable in a balance-of-
power sense. But economic equilibrium models are not game
theoretic models, and should not be confused as such.

Finally, there are the distributional concerns which are
central to normative ethics. Economic planning models in
and of themselves cannot furnish us with the answer as to
which policy is most ‘‘fair.”” President Carter has repeatedly
emphasized his concern with equity. But in this matter we
have a problem for ethics—not for price/quantity models.

While these points may seem too obvious to need explicit
statement there is often confusion about the proper role of
economic data in normative policy analysis. For this reason,
we felt it worthwhile to close with a reminder. There is one
other important limitation to economic models of the kind
reviewed above. This concerns the use of an ‘“‘equilibrium”’
methodology in the context of regulated commodities such
as natural gas. Many problems of interpretation arise here;
but they are outside the scope of the present paper.
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Decision analysis of the

synthetic fuels commercialization program

by STEVEN N. TANI
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Menlo Park, California

INTRODUCTION

In his State of the Union Message in January 1975, President
Gerald Ford called for the accelerated development of U.S.
energy technology and resources and proposed a compre-
hensive set of energy supply and conservation measures to
reduce U.S. requirements for imported oil. As one of these
measures, the President proposed a federal incentive pro-
gram whose goal would be the commercial production of
one million barrels per day of synthetic fuels by 1985. In
such a program, the Federal Government would provide
suitable financial and regulatory incentives to stimulate pri-
vate sector investment in commercial-scale plants to convert
coal, oil shale, and other relatively abundant domestic re-
sources into clean liquid and gaseous fuels. It was generally
believed that without such incentives, industry would be
unlikely to undertake the large risks of synthetic fuel plant
investments.

The benefits to be achieved by the synthetic fuels program
would be the following:

1. An accelerated accumulation of experience and infor-
mation on the technical, environmental, economic, and
institutional aspects of commercial-scale synthetic fuel
production for better-informed private sector invest-
ment decisions.

2. The development of an industry infrastructure to sup-
port subsequent expansion of the synthetic fuels in-
dustry.

3. Insurance against high world oil prices and against
early depletion of domestic sources of conventional
fuels.

4. Protection against the losses of an oil embargo.

S. Improvement in the U.S. international bargaining po-
sition.

These benefits, however, would be counterbalanced by
the possible costs of subsidizing synthetic fuels relative to
less expensive energy sources such as imported oil and other
domestic resources and by the environmental and socio-
economic costs associated with rapid development of coal
and oil shale reserves.

In response to the President’s message, the Interagency
Task Force on Synthetic Fuel Commercialization was

formed to evaluate the economic and environmental costs
and benefits of the program and to recommend to the Pres-
ident a program of appropriate size and scope. The Task
Force was chaired by the Office of Management and Budget
and included members from the Federal Energy Adminis-
tration, the Environmental Protection Agency, the Depart-
ments of State, Commerce, and Treasury, the Council on
Environmental Quality, and the National Science Founda-
tion. We, in the Decision Analysis Group at Stanford Re-
search Institute (now SRI International), were engaged to
assist the Task Force in conducting an analysis of the pro-
gram.

STRUCTURE OF THE ANALYSIS

The fundamental question addressed by this analysis was
whether the U.S. should have a synthetic fuels commer-
cialization program and, if so, how large the program should
be. The Task Force defined four distinct program alterna-
tives to be evaluated:

1. No Program—No federal funding of synthetic fuels
commercialization but continuation of research and
development.

2. Informational Program—A minimal program designed
primarily to generate technical, environmental, and
economic data on various resource-to-fuel conversion
processes, with synthetic fuel production of about
350,000 barrels per day by 1985.

3. Medium Program—A program designed to generate
more complete information on a wider range of pro-
cesses and to meet the President’s goal of 1,000,000
barrels per day by 1985.

4. Maximum Program—A program designed to achieve
the greatest amount of synthetic fuel production in 1985
possible without causing major dislocations in the
economy: 1,700,000 barrels per day.

The object of the analysis was to determine which of these
alternatives would be of greatest net benefit to the nation as
a whole, where net benefit includes both economic and non-
economic impacts.
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We defined four components of net national benefit for
the evaluation of the program alternatives: economic impact
on consumers, economic impact on producers, embargo pro-
tection, and environmental and socio-economic impacts.

To measure the economic impact on consumers, we uti-
lized the concept of consumer surplus. Consumer surplus is
the difference between the value of a good to consumers
and the amount of money they must pay for it. This is shown
graphically in Figure 1. The demand curve, by definition, is
the most consumers would pay for each unit of the good,
which is the value of that unit. If the market price is p, then
g units will be purchased. For every unit except the last
one, the value of the good exceeds the price paid for it. The
shaded area between the price line and the demand curve
represents the total excess value the consumers receive from
this good; this is called the consumer surplus.

In the case of the synthetic fuels program, it was felt that
a demonstration that synthetic fuels could be produced
cheaply, if achieved, would have the effect of holding down
the price of imported oil. The resulting increase in consumer
surplus would then be credited as a positive benefit of the
program.

To measure the impact on producers, we used a concept
analogous to that of consumer surplus—producer surplus.
This is the difference between the amount producers receive
for a good and their marginal cost of producing it. Clearly,
producer surplus is directly related to the idea of profitabil-
ity. Figure 2 shows producer surplus graphically. The supply
curve represents the marginal cost of producing each unit of
the good, which is the least amount of money the producers
would accept for it. The shaded area between the price line
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and the supply curve is equal to the total producer surplus
for that good.

We assumed in this analysis that synthetic fuel would be
a substitute for imported oil. Therefore, if the cost of the
synthetic fuels turned out to be less than the cost of imported
oil, the industry would accrue positive producer surplus,
which would be credited to the program as a benefit. How-
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Figure 3—Embargo loss
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ever, if synthetic fuels turned out to be costlier than im-
ported oil, producer surplus would be negative and industry
would require a subsidy from the government to cover its
losses. The amount of this negative producer surplus would
be charged as a cost of the program.

The algebraic sum of consumer and producer surplus is
a measure of the total economic impact of the program on
the nation assuming normal market conditions. However, it
does not include the impact of the program in the event of
an oil embargo. The situation during an oil embargo is illus-
trated in Figure 3. The pre-embargo price and quantity of
oil are established on the long-term demand curve. If an
embargo occurs, the quantity of oil available for consump-
tion decreases abruptly. Because of short-term inflexibilities
in consumption patterns, the marginal value (or shadow
price) of oil is much higher than the long-term demand curve
indicates. Here we use a linear short-term demand curve to
show this effect. The economic cost of the embargo is the
loss of consumer surplus during the embargo and is repre-
sented by the shaded trapezoidal area.

The synthetic fuels program, by providing a substitute for
some of the imported oil, would reduce this embargo loss
by increasing the amount of fuel available for consumption

during the embargo. This reduction of embargo loss,
weighted by the probability of occurrence of an embargo, is
credited to the program as a benefit.

Finally, the synthetic fuels program would result in non-
economic costs in the form of environmental damage (e.g.,
increased air pollution) and socio-economic disruption (e.g.,
“‘boom towns’’ near mining and conversion facilities). These
costs, to the extent that they are not internalized in the
producers’ costs (e.g., pollution control costs), are charged
to the program.

The sum of these four components of program impact is
the measure of net national benefit we used in the analysis
to evaluate the aliernatives.

Clearly, to determine the net benefit of each program
alternative, we need to know something about the energy
supply and demand situation in the future. There was, of
course, considerable uncertainty about the future energy
picture, so we used probabilistic modeling techniques to
quantify and incorporate the uncertainty in the analysis.

Figure 4 shows the decision tree structure that we ulti-
mately developed for this analysis. We treated the dynamics
in a simple manner by looking at three discrete time periods.
In 1975, the government would make its program decision,

1975 1985 1995
Strategic Forecast State Foreign Corporate . State Foreign Domestic
Program of 1995 of Oil Synthetic Fuels Synth:t.nc Fuels of Oil En.elfgy
Decision Cost of Cartel Price Decision rice Cartel Price Position:
Synthetic Fuels Supply Relative
5 MM bbis/d to Demand
Additional
Maximum 4 MM bbis/d
Program Additional
(1.7 MM bbls/d)
Expensive Expensive Expensive Expensive Ample
Medium 3 MM'b'bIsld
Program Strong Additional Strong
{1 MM
bbls/d)
Nominal Nominal 2 MM bbls/d Nominal Nominal Moderate
Additional
Information
Program Weak Weak
(0.35 MM bbis/d} 1 MM bblis/d
Cheap Additional Cheap Limited
No Program No Additional
{0 MM bbis/d) Capacity

Figure 4—Decision tree
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choosing one of the four alternatives. Then, in the mid-
1980’s, the program would result in information about the
ultimate cost of synthetic fuels production. Based on this
information and on the prevailing and projected price of
imported oil, the industry would make its decision on further
investment in synthetic fuel plants. The price of imported
oil would, of course, depend on whether or not the oil
producers’ cartel remained effective in controlling prices.
Finally, in the mid-1990’s, when the new synthetic fuel
plants are on-stream, the program impacts can be deter-
mined by looking at the cost of synthetic fuels, the price of
imported oil, which again depends on the current state of
the cartel, and the U.S. energy supply and demand balance.

The year 1985 was used to typify the decade of the 1980°s
and the year 1995 to typify the decade of the 1990’s. Program
cost and benefits were measured in constant 1975 dollars
and were discounted in 1975 using a discount rate of ten
percent.

The decision tree in Figure 4 shows how uncertainty was
explicitly incorporated in the analysis. Uncertainty about
each of the factors shown was quantified in the form of
probabilities. Then, for each combination of factors, which
defined a unique scenario of the future, both the probability
of occurrence for that scenario and the discounted net na-
tional benefit associated with it were calculated. Finally, for
each alternative, the expected net benefit was calculated by
weighting the outcome of each scenario by its probability
and summing. Note that the decision tree in Figure 4 defines
5,832 different scenarios for each of the four program alter-
natives.

The industry decision in 1985 of how much further in-
vestment to make in synthetic fuels plants required special
treatment. While the government decision would be made
on the basis of overall national benefits, the private sector
decision would be made on the basis of corporate profits
only. Therefore, in the analysis, the level of corporate in-
vestment that maximized expected future producers surplus
was selected.

Figure 5 illustrates the techniques we used to quickly

~
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1 15 19

1985 IMPORTED OIL PRICE GIVEN A STRONG CARTEL
(Dollars per barrel)

Figure 5—Simple encoding technique

1985 1995
STATE STATE
OF OF
CARTEL CARTEL
EXPENSIVE
0.25 19 $/bbl
STRONG 0.5 NOMINAL
15 $/bbl
0.25 CHEAP
11 $/bbl
EXPENSIVE

0.25 10 $/bbl -

WEAK 0.5 NOMINAL
8 $/bbl
0.25 CHEAP
6 $/bbl

Figure 6—Probabilities of 1985 imported oil prices

encode uncertainty in the various factors. The probability
distribution shown represents uncertainty in the 1985 im-
ported oil price given that the cartel is strong. According to
this distribution, it is equally likely that the price will be
above or below $15 per barrel (the median value). Also,
there is a ten percent chance that the price will be below

1985 1985
STATE FOREIGN
OF OIlL
CARTEL PRICE
STRONG
0.8
STRONG
0.2 WEAK
05
05 STRONG
0.2
WEAK
0.8 WEAK

Figure 7-—Probabilities of state of cartel
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$11 per barrel (the 10 percent fractile) and a ten percent
chance that it will be above $19 per barrel (the 90 percent
fractile). We divided the distribution into three sections hav-
ing areas of 25 percent, 50 percent, and 25 percent and used
the median value to represent the middle section and the 10
percent and 90 percent fractiles to represent the two tails.
Thus, as shown in Figure 6, we said in the analysis that
there is a 25 percent chance that the 1985 imported oil price
would be $19 per barrel, a 50 percent chance that it would
be $15 per barrel, and 25 percent that it would be $11 per
barrel, given that the cartel is strong. The imported oil price
given that the cartel is weak is assessed to be much lower—
$10, $8 and $6 per barrel, respectively.

Using this simple technique, we encoded the uncertainty
of the Task Force members about each of the factors shown
in the decision tree. Of particular interest are the assess-
ments of the future state of the oil producers’ cartel. As
shown in Figure 7, the chances of the cartel remaining strong
through 1985 were assessed by the Task Force to be 50-50.
Given that it is strong in 1985, the probability that it would
remain strong through 1995 was assessed to be 80 percent,
while if it is weak in 1985, the chance that it would become
strong by 1995 was assessed to be only 20 percent.

RESULTS OF THE ANALYSIS

After we had structured the problem with the decision
tree, constructed a computer model to calculate .the net
national benefit for each of the thousands of scenarios in the
tree, and encoded the uncertainties of the Task Force, we
were ready to compute the analytic results.

Figure 8 summarizes these results. The total expected
discounted net benefit (in billions of 1975 dollars) is shown,
along with its components, for each of the three synthetic
fuels program levels relative to having no program at all.
These results indicated that, on balance, the synthetic fuels
commercialization program was not in the best national in-
terest and that the bigger the program, the greater the na-
tional loss. The small informational program had an ex-
pected impact on minus $1.65 billion. The larger program
had expected impacts of minus $5.41 billion and minus
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Figure 9—Uncertainty in program impacts

through the possible moderation of future imported oil prices
and on embargo losses through a slight reduction in oil
imports, these benefits are far outweighed by the negative
impact on producer surplus. Basically, it was far more likely
than not that synthetic fuels would be more expensive than
imported oil and therefore need a subsidy. The negative
impact of environmental and socio-economic costs is rela-
tively minor.

The results shown in Figure 8 are the expected values of
program impacts. There is, of course, considerable uncer-
tainty about the impact of the program, as shown in Figure
9. While the expected impact of the informational program
is $1.65 billion, there is a 30 percent chance that the net
impact will be positive and a 10 percent chance that it will
be as much as +$7 billion. On the other hand, there is a 10
percent chance that it will be as negative as —$9 billion. It
is equally likely that the impact will be worse than or better
than —$4 billion. The uncertainty in the impact of the larger
program is even greater.

Figure 10 is a partial expansion of the decision tree that
shows how two of the factors affect the results of the anal-
ysis. The —$1.65 billion expected impact of the information
program consists of a 50 percent chance of —$4.86 billion if
the cartel in 1985 is weak and a 50 percent chance of +$1.55
billion if it is strong. Note that a weak cartel, which leads
to generally lower imported oil prices, is bad for the syn-

PROJECTION OF

$10.98 billion, respectively. STATE OF SYNTHETIC FUEL
We can get more insight by looking at the components of CARTEL IN 1985 COST IN 1985
total net benefit. While the synthetic fuels program is ex-
pected to have positive impacts on consumer surplus EXPENSIVE
Expected Discounted Net Benefit (billions of 1975 dollars) WEAK -4.86 NOMINAL o5
‘ Environmental
" Consumer | Producer | Embargo
Pri Alternati . and Total
oo TRIATE | surplus | Surplus | Protection | b onomie INFORMATIONAL CHEAP
0 PROGRAM -0.75
Pr
No Program 0 0 0 0 1.65
Information Program 1.07 2.1 043 044 -1.65 EXPENSIVE
(0.35 mm bbl/day) : -3.49
Medium Program 3.29 -8.74 1.18 -1.14 -5.41 STRONG
(1 mm bbl/day) +1.55 NOMINAL +1.09
Maximum Program 455 -15.77 223 -1.99 -10.98
{1.7 mm bbl/day) CHEAP .,

Figure 8—Expected program impacts

Figure 10—Partial expansion of tree



28 National Computer Conference, 1978

thetic fuels program while presumably very good for the
nation as a whole. Conversely, a strong cartel, with higher
imported oil prices, makes the program look good while
being bad for the nation. This emphasizes that the synthetic
fuels program is a hedging strategy—it pays off when other
things are going badly. Note also that if the cartel is weak,
the program looks bad even if synthetic fuels turn out to be
cheap to produce. On the other hand, if synthetic fuels turn
out to be expensive, the program looks bad even if the cartel
is strong. That is why, on balance, the program looks bad.

The assessment of a 50-50 chance that the cartel would
remain strong through 1985 turned out to be pivotal and
more than a little controversial within the Task Force. To
show the implications of different probabilities for this fac-
tor, we performed a sensitivity analysis, which is shown in
Figure 11. This gives the expected net impact of each pro-
gram level relative to no program as a function of the prob-

ability of a strong cartel in 1985. It assumes that with 80 .

percent probability, the cartel will remain in the same state
from 1985 to 1995. Figure 11 shows that only if the proba-
bility of a strong cartel in 1985 exceeds 75 percent does the
information program look better than no program and that
the probability must exceed 82 percent for the medium size
program to be the best alternative. An interesting result is
that the maximum size program is never optimal for any
value of this probability.

So far, the analytic results have been presented only in
terms of expected values. It might be argued that the deci-
sion should not be made on the basis of expected values but
rather on the basis of values that are adjusted for risk. To
show how various levels of risk aversion would affect the

ASSUMES THAT THE
PROBABILITY OF
PERSISTENCE IN THE
STATE OF THE CARTEL
-25 FROM 1985 TO 1995
1S 80%
Figure 11—Sensitivity to cartel probabilities
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results, we prepared the sensitivity profile shown in Figure

12. Here, we have assumed that the nation’s risk attitude is

expressed by one of the family of exponential utility curves.

The degree of risk aversion expressed by this curve is given

by its one parameter, called the risk tolerance; the smaller

the risk tolerance, the greater the degree of risk aversion.
In personal terms, an individual’s risk tolerance is tke largest

amount of money he would willingly risk in a gamble that

is equally likely to halve or double that amount.

Figure 12 shows the value to the nation of each program
level relative to no program as a function of the nation’s risk
tolerance assuming an industry risk tolerance of $5 billion
for the private sector capacity expansion decision. Note first
that the value of the program increases as the nation’s risk
aversion increases. This is characteristic of a hedging strat-
egy, since it reduces overall uncertainty. However, the na-
tion’s risk tolerance must be less than $67 billion for the
information program to be better than no program and it
must be less than $56 billion for the medium size program
to be the best alternative. We believe that a reasonable range
for the nation’s risk tolerance is from one-fourth to one-half
of annual GNP, or about $300 billion to $600 billion. As
Figure 12 shows, for any risk tolerance in this range, the
ranking of program alternatives is the same as in the ex-
pected value case, with the best alternative being no pro-
gram at all.

EPILOGUE

As far as we can determine, this is the first decision
analysis to be presented in the White House. The chairman
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of the Task Force presented it to the President’s Energy
Resources Council in July 1975. Citing benefits of the pro-
gram that were not quantified in the analysis, such as the
international leverage gained by the U.S. in asserting posi-
tive leadership in developing alternate fuel sources, as well
as the “‘relatively small risk and expected cost’’ of the small
program, the Task Force recommended that the government
undertake the informational program alternative with a pos-
sibility that it could switch to the medium size program
pending additional information on crucial factors. The Ad-
ministration’s bill incorporating this recommendation ulti-
mately failed to pass through Congress.

COMPUTER UTILIZATION

For this analysis, we wrote a FORTRAN program for use
on a commercial time sharing system. The program, which
we created from scratch rather than use off-the-shelf rou-

tines, required approximately 400 lines of code and cost
roughly fifteen dollars to run a complete evaluation of the
decision tree.

One feature of the time sharing service that we found to
be especially useful was the accessibility from different lo-
cations. We did most of the model development at SRI
headquarters in Menlo Park, California, but we used the
program extensively while working with the Task Force in
Washington D.C. Indeed, one of the most valuable aspects
of our assistance to the Task Force was our ability to answer
almost immediately their many questions about the effect of
changes on the assumptions and assessments in the analysis.
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A computer model for examining regional

peak electric load growth

by P. F. SCHWEIZER

Westinghouse R&D Center
Pittsburgh, Pennsylvania

INTRODUCTION

One of the critical factors affecting the electric utility and
electrical manufacturing industries is the forecast of the
long-term demand for electricity. Superficial forécasts based
on either past time trends or very broad based factors for
the entire United States do not provide sufficient confidence
for long-range planning. This effort is an attempt to examine
the basic factors in the U. S. which create the demand for
electricity. Equally, or possibly even more important, is the
examination of the sensitivity of the forecast to the basic
driving factors. Through this sensitivity analysis, which re-
lates the changes in input assumptions to output changes,
the reasonableness of other forecasts can be established.

POWER SYSTEMS MARKET FORECAST MODEL

When one begins the development of a market forecast
model, some important basic concepts must be resolved.*
The time span of interest in the forecast must be specified.
Whether the span is hours, days, months, years, or decades
will influence the structure selected for the model. In gen-
eral, for short time spans, the model structure can be closely
patterned after the existing market. For long-term models,
however, the dynamics of a changing market must be rep-
resented in the model.

Because of different climates, industries, economics, and
traditions, geography plays an important role in an electric
demand forecast model. The differing regional saturations
of electric air conditioning and space heating, mixes of in-
dustry, and price of electricity compared with competing
fuels require that geographical considerations be included to
obtain better forecasts.

Nine data bases are presently maintained for each of the
nine NERC regions. These regions are geographically lo-
cated as shown in Figure 1. One obviously questions the
selection of these regions versus some other delineation.
When dealing with demand data, such as population, house-
holds, value added, etc., a state or census region division
might seem more reasonable. However, when dealing with
electric supply data, such as generation capacity, additions,
costs, etc., an electric utility boundary or power pool area
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seems reasonable. The basic problem is that data collection
for supply and demand is on a completely different geo-
graphic basis. Each NERC region is a grouping of Power
Supply Areas which are, in turn, a grouping of utilities,
many of which overlap state and political boundaries. To
establish consistency in the data base, we decided that de-
mand data given at the state level could be more easily
transformed to a supply area, such as an NERC region,
rather than vice versa. The NERC supply region was se-
lected rather than the power supply areas or utility service
areas simply because the model detail we were requiring
would need excessive data storage and manipulation at the
more disaggregated level.

A block diagram of the model is shown in Figure 2. Sub-
models for residential, industrial, and commercial are used
to estimate kilowatthour (KWH) sales. Exogenous estimates
of transportation, agricultural, governmental, and miscella-
neous KWH sales are summed with residential, commercial,
and industrial to obtain total sales. Total electrical energy
output is calculated using transmission and distribution loss
estimates determined from input data specifying losses as a
percent of KWH sales. The peak load in each region is
calculated from total output using a load factor which is
estimated as a function of the mix of KWH sales. The
installed capacity in each region is calculated from peak load
using either an option that inputs the percentage of genera-
tion additions of each type or an option that uses generation
capital, fuel price, and investment data to determine the
least cost mix of additions. The capacity factor for each unit
type is calculated by adjusting the KWH output from all
units (capacity factor X installed capacity rating X 8760
hrs.) to be equal to the estimated KWH generation from the
model. Input energy to all types of units is calculated using
the estimated electrical generation and the heat rate for each
type of unit. Additional detail on each of the calculational
blocks and models depicted in Figure 2 is shown in Figures
3 through 6 and is discussed in the following.

Residential sector model

A block diagram of the model used to estimate residential
KWH sales for each NERC region is shown in Figure 3. By
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Figure 1—Regional electric reliability councils

multiplying population by headship rate, an estimate of
households is obtained. Time trends for the saturation of
appliances, air conditioning, and space heating are input to
the model® and are used to calculate saturations in any given
year. These saturations are then adjusted based on price
effects and multiplied by the number of households to obtain
an estimate of the number of electrical end-use units. Av-
erage annual use for each unit type is estimated by inputting
time trends of annual use and adjusting annual use based on
price effects. An estimate of annual KWH consumption is
obtained by multiplying the number of end-use units by the
annual use.

The three equations used to estimate residential KWH
sales in any given year are:

o asG
SATPA=( » RPE/LOA) e*( D RPG/LOA) @)

LOA LOA
USEA=RPE*'E 3)

where POP is regional population, HDR is regional headship
rate, SAT is appliance saturation, SATPA is price adjust-
ment of saturation, USE is annual KWH consumption,
USEA is the price adjustments of annual use, RPE and RPG
are the relative prices of electricity and gas with respect to
the base year, LOA is the lifetime of an average appliance,
age and agq are electric and gas price elasticities used to
adjust saturation, and ayg is the electric price elasticity used
to adjust annual use.

Industrial sector model

The industrial sector model, shown in Figure 4, uses Fed-
eral Reserve Board production indices as a national produc-
tion indicator for two digit manufacturing and mining cate-
gories. Projected trends in dollars of value added by SIC
code are used to calculate ratios which estimate the share
of national production to be allocated to each NERC region
in any given year. Input time trends are used to estimate
electricity use per unit of production for each SIC code.
Industrial KWH consumption is estimated using the regional
production estimates and the energy intensiveness estimates
corrected for price effects.

The equations used to estimate industrial KWH consump-
tion are given by: .

INDKWH= Y FRBy,*(§VAREGSIC/$VANATSIC)

SIC

RKWH = Y POP:HDR+SAT 1)}
all appl- ( *USESIC+IUSEA, @)
*SATPA*USE+*USEA IUSEA=(1-MIUSEA,_, + RPEI*VERPQ[*UI¢ )
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Figure 2—Power systems market forecast model



A Computer Model for Examining Regional Peak Electric Load Growth

Population — Appliance,
Household Households SP. HTG: & AC Appliances Average'Use Residential
Headship Rate —s{ Calculations Unit Calculations cOnsummio-n (kWh Sales)
Calculations
Use Trends - 1
Saturation ] Appliance
Saturation Trends — Calcl:';ations Annual Use
' Calculations
. \ ¥
Electricity Prices — Price All-Electric
Fuel Prices —* Effects L. Residence Full'y Saturated
Appliance Lifetimes Model Calculations Residence (kWh)

Figure 3—Residential sector model

where FRBy,r is the Federal Reserve Board Indices,
$VAREGSIC is the $ of value added by SIC by region,
$VANATSIC is the $ of value added nationally by SIC,
USESIC is the electricity use per unit output for each SIC,
IUSEA; and IUSEA,_, are the industrial use price adjust-
ments in years t and t—1, A is the fraction of this price
adjustment accomplished each year, RPEI and RPOI are the
relative prices of electric and other fuels in the industrial
sector to a base year, ayg and ayy are the price elasticities
of use for electric and a composite for other fuels.

Commercial sector model

The commercial sector model, shown in Figure 5, uses
national projections of non-residential structures or com-
mercial buildings to estimate commercial floor space in use

in any given year. Regional allocators developed from re-
gional population and personal income forecasts® are used
to estimate floor space in each NERC region. Input time
trends are used to calculate both the lighting, space heating,
air conditioning, and miscellaneous electricity use per
square foot of floor space and the saturation of these uses.
A price adjustment is made on total commercial demand.
The equations used for the estimated KWH consumption
are:

COMKWH=NRSGR+COMFLB+REGAL

% > USEC*CSAT+*COMPA, ©)
COMPA,=(1-),)JCOMPA,_,
+\ . RPEC*e«RPGCece @

where NRSGR is national non-residential structures or com-
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Figure 4—Industrial (mining & manufacturing) sector model
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Figure 5—Commercial sector model
mercial buildings growth index relative to the base year. LFS=(KWHOUT-+(8760x PLS)) (10)
COMFLB is the commercial square feet of floor space in
4 p LFW=(KWHOUT)+ (8760x PLW)) (11)

the base year, REGAL is the fraction of floor space allocated
to each region, USEC is the KWH consumption per square
foot of floor space for each specific use, COMPA; and
COMPA,_, are the commercial price adjustments in year t
and t—1, A, is the fraction of the price adjustment taking
place each year, RPEC and RPGC are the relative prices of
“electricity and gas with respect to the base year, and acg
and ac are the price elasticities of total use in the commer-
cial sector.

Load factor model

Ideally, one would like to estimate and forecast the peak
electric load independently from KWH sales. However, be-
cause of the scarcity of data with regard to individual loads
and their coincidence on the system, this is impossible to
accomplish in general. The approach used here is to relate
peak load to residential, commercial, and industrial KWH
sales, saturation of space heating and air conditioning, cool-
ing and heating degree days. After obtaining peak load
(PLW, PLS), the load factors (LFS, LFW) are calculated
by relating to the total KWH output. The equations used are

PLW=q, RKWH+8,COMKWH+v,INDKWH

+0,RHS+8,HDD ®
PLS=a,RKWH+,COMKWH+¥,INDKWH
+0,RAC+8,CDD &)

where PLW and PLS are winter and summer peak load,
LFS and LFW are summer and winter load factor,
KWHOUT is total KWH output, RSH is the saturation of
residential electric space heating, RAC is the saturation of
residential air conditioning, HDD and CDD are the regional
average heating and cooling degree days.

.The coefficients in equations (8) through (10) are estimated
from historical data for each region. These independent var-
iables were chosen because in the past, residential and com-
mercial loads have contributed more to peak than industrial
loads. Also, loads with larger weather-sensitive components
have exhibited generally lower load factors.

Generation capacity model

Using total KWH output and regional load factor, peak
load is computed for each region for each year of interest.
With an estimate of peak load as input, the function of the
generation capacity model is to determine how much capac-
ity (if any) should be added in each region during each time
period. If additions are required, then the model must cal-
culate the type needed from a group of nine possible unit
types: fossil (coal, oil, gas), nuclear, combustion turbine,
-combined cycle, hydro, pumped storage, and other.

The block diagram shown in Figure 6 demonstrates the
functions performed by the generation capacity model. An
initial estimate of the end-of-year capacity is calculated by
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BOY* Capacity — = Initial Installed
Retirements ———————={ Estimate New Caacit Installed
; Orders apacity ity EOY
Adjustments of Revision Capacity E
Model 0
Backlog EQY** by Type
Delays Capacity . I_- New
Region Orders
Peak Load
Equipment
Region Lt_ead
Minimum Equipment Time
Reserve Lead Times Check
Margin
Gross
Additions = Gross Additions
Calculation by Type

* BOY = Beginning of Year
**EOY =End of Year

Figure 6—Generation capacity model

adding backlog, delays, and adjustments and subtracting
retirements from the beginning-of-year capacity. Using this
estimate of end-of-year (EQY) capacity with inputs of peak
load and the minimum reserve margin in the region, a check
is made to establish the sufficiency of the capacity. If the
capacity is insufficient to meet peak load requirements with
the minimum reserve margin, then new orders are generated
for additional units. These new orders are then added to the
initial estimate of the installed capacity to obtain the in-
stalled EOY capacity. These new order units are then
checked against the equipment lead times to establish that
sufficient time is available so that units being added can be
delivered and installed. Gross additions for each type unit
are calculated by adding backlog, delays, and new orders.

There are two options in the new orders model for cal-
culating the type of units to be added. The first option simply
provides for calculating the mix of new units using percent-
ages estimated from the NERC reports. The second selects
additional capacity from the nine types of units so that
additions are matched to load requirements in a manner that
minimizes cost.

BASE ELECTRICAL ENERGY AND PEAK LOAD
FORECAST

To demonstrate the capabilities of the model, a base
forecast has been prepared which uses the nine NERC data
bases and aggregates the results from these regions to obtain

a national forecast (Tables I, IT and III). Because of space

limitations, very little of the model output can be shown.
Only a very brief summary of the base case is presented
here.

The macroeconomic factors which drive the model are
taken from the output of a macroeconomic model* so that
consistency is established. For example, the industrial pro-
duction, household growth, and commercial buildings
growth are all consistent with a much larger set of economic
conditions. The number of variables used directly as input
to the electrical demand model from the macroeconomic
model output is small (~25 time series). However, the ma-
croeconomic model which derives these time series is com-
prehensive (over 1100 equations and identities), and, there-
fore, indirectly the influence of all pertinent economic
factors are included.

National and regional KWH sales and output (sales+
losses) are shown in Table I; historically for 1971-1976 and
forecasted 1977-2000. Compounded annual growth in the
period 1977-2000 is approximately 5 percent. This is consid-
erably less than historic growth in the decades of the 60s
and 70s where annual growth averaged 7 percent. The in-
dustrial sector is the major contributor to growth in this
forecast based on the compounding effects of long-term ex-
pansion and increasing use of electricity per unit output in
most industry groups. All NERC regions exhibit lower
growth rates than historic and range from approximately 5.5
percent in the southwest to 3 percent in the northeast.

National and regional peak loads as forecasted by the
model are shown in Table II. Actual values for the period
1971-1976 are shown in parentheses. Nationally, summer
peak loads are forecasted to grow at about 4.6 percent an-
nually and winter peak about 4.8 percent. Thus, peak is
forecasted by this model to grow at a lower rate than KWH
output. This can be explained by the major part of KWH
output growth being industrial which contributes less to
peak, and the application of load management techniques in

‘controlling peak. Regionally, peak growth is highest in the
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TABLE I.—National and Regional KWH Sales and Output

KILOWATT HOUR OUTPUT-RILLIONS
YEAR NPCC MAAC ECAR

1971 167.600 138.200 278.000
1972 178.100 147.400 303.200
1973 189.000 158.500 325.400
1974 184.700 154.300 318.400
1978 183.800 154.400 319.500
1976 191.800 161.100 341.800
1977 202.800 171.700 368.300
1978 213.000 181.600 390.800
1979 222.600 191.100 412.100
1980 232.200 200.700 435.700
1985 278.900 250.500 §47.000
1990 325.200 307.900 667.800
13895 372.000 371.800 801.600
2000 413.400 435.000 942.300

KILOWATT HOUR SALES-BILLIONS

YEAR NPCC MAAC ECAR

1971 154,700 124,000 250.000
1972 1€1.700 122.100 272.000
1973 182.200 142.000 292.900
1974 167.300 139.€00 288.600
197§ 165.600 137.500 287.400
1976 172.300 146.500 311.000
1977 182.200 1§6.100 335.100
1978 191.400 165.100 355.600
1979 ~ 200.000 173.700 375.000
1980 208.600 182.400 396.500
1985 250.600 227.700 497.800
1990 293.000 280.400 607.600
1995 335.200 338.600 729.400
2000 372.500 396.100 857.400

SUMMER-PEAK LOAD (GW)

YEAR NPCC MAAC ECAR
1971 29.315 25,991 45,571
1972 29.786 27.217 48,987
1973 34,595 30.152 53.409
1974 32.0u4 29.808 52.962
1975 32.255 30.128 53.666
1976 33,479 21.537 56.756
1977 35.483 33.813 61.268
197¢ 37.283 35.565 64.662
1979 38.996 27.256 67.978
1980 40.724 38.980 71.543
1985 49.357 = 47.976 gR. 480
1990 57.911 57.986 105.951
1995 66,447 68.611 124,934
2000 74,452 79.12€ 144,712

WINTER-PEAK LOAD (GW)

YEAR NPCC MAAC ECAR
1971 29.685 20.468 43.514
1972 30.969 22.501 48.356
1973 34,174 23.738 51.395
1974 32.u488 24.308 51.623
1975 32.720 24,647 52.275
1976 3y, 227 26.918 56.764
1977 36.072 28.726 60.991
1978 38.138 30.798 6u.884
1979 40.123 32.777 68.682
1980 42.112 34.783 72.749
1985 51.859 44,839 92.151
1990 61.428 56.079 112.259
1995 70.962 68.017 133.994
2000 79.9u9 79.725 156.692

SERC

318.300
34€.700
384,400
384.400
396.300
426.800
452,400
490.500
$21.500
§51.600
721.200
943.200
1,221.900
1,550.000

SERC

288.000
313.700
350.400
351,000
360.900
388.400
417.100
446,300
474.500
§01.900
656.300
858.200
1,111.800
1,410.400

MAIN

129.800
138.400
146.400
151.000
155.200
160.400
173.200
185.100
196.500
208.70C
269.200
342.900
428.200
§22.700

MAIN

117.100
124.200
131.€00
136.000
13R.700
147,300
159.000
170.000
180.400
191.700
247,200
314.900
393.200
480.000

sPP

121.700
132.800
140.700
144,400
156.600
168.700
180.800
192.700
204.500
216.600
282.700
366.900
470.400
595.000

SPP

109.900
119.800
127.100
129.400
140.900
151.700
162.700
173.600
184,400
195.500
256.300
332.100
425.700
534.400

ERCOT

94,100
104.700
110.400
113.800
115.100
120.800
129.900
138.900
148.000
157.600
211.100
293.400
384.900
420.400

ERCOT

84.700

92.700

99.400
101.900
104.000
110.500
118.800
127.100
135.400
144,200
193.200
255.600
335.600
428.900

TABLE II.—National and Regional Peak Load

SERC
§7.973
62.541
68,915
69.352
72.196
76.114
81.672
86.49¢
91.150
Q5.609
120.257
150.644
187.094
228.774

SERC

51.u87
57.386
64.286
€5.613
69.104
74.563
80.455
86.323
22.003
97.548
127.068
163.235
206.004
254.639

MAIN
26.410
27.327
29.u417
29.953
30.643
3 .u88
34,173
36.072
37.95%
39.870
490,621
60.816
73.1R8
86.632

MAIN

20.235
22.290
22.684
24.384
25.081
26.826
29.071
31.358
33.591
35.914
47.091
59.874
73.9¢99
89,292

SPP
24.654
26.920
28.700
29.37¢
31.990
34.611
37.440
u0.261
43,040
y5.9u3
61.830
81.816

106,544
135.378

SPP

16.328
18.533
20.740
21.502
24.488
26.685
30.079
33.252
36.428
39.627
54.001
70.3¢27
8R.E77
106.150

18.
20.
22.
23.
VLN
2%,
28.
30.
32.
34,
4a.
6L,

ERCOT
839
971
857
553
223
eop
204
426
€33
°R 6
098
993

86.523

111.

857

ERCOT

11.
13.
15.
16,
17.
19.
21.
23.
25.

736
as58
710
737
609
064
436
605
754

27.990

39.
53.
68.

466
uu6
181

85.577

1
1
1
2

1
1
1

MARCA

61.500
66.400
69.900
723.800
77.100
77.400
82.500
87.600
92.4C0
97.400
22.800
§2.000
84,900
20.100

MARCA

§5.200
§9.200
63.500
66.600
69.200
6o.u400
73.900
78.500
82.800
87.300
10.000
36.200
65.700

Wsce

307.900
332.200
344,300
350.700
362.200
389.500
420.00¢
4ug,500
47€.000
505.500
661.200
85u.00¢C
1,084,000
1,348.000

WSCC

283.000
302.400
314.300
320.300
32e.600
345,200
373.0C0
398,300
422.800
4u8.9%00
587.200
758.500
962.800

197.300 1,198.100

12.
12.
12.
14,
15.
18,
16.

17
1e
19
28
32
40
48

MARCA
03
a18
291
598
158
125
aos
.476
.R19
.761
.731
.R18
. 384
.719

MARCA

10
12
12
13
14
14
15
16
17
18
24
30
37
by

.378
.036
.o8e
.234
L1480
.001
.309
477
.669
.825
.573
.721
.289
.066

Wscc
§3.365
56.564
58,755
59,925
62.178
65.979
70.090
74.303
78.381
g2.8¢ep

105.021
121.659
162.790
197.899 1,

WSCC
55.051
58,240
60.792
€1.453
63.979
67.u4l4k
72.654
77.450
82.117
86,922

112.623
142,975
178.112

. 217.732 1,

TOTAL

1,€17.100
1,749.200
1,869.000
1,875.500
1,920.200
2,038.300
2,187,600
2,322.700
2,464,700
2,606.000
3,344,600
4,253.300
5,319.700
6,517.900

TOTAL
1,466.600
1,577.800
1,703.400
1,700.700
1,732.800
1,843.000
1,977.900
2,105.900
2,229.000
2,357.000
3,026.300
3,836.500
4,798.000
5,875.100

TOTAL

294,152
313.231
340.693
341.573
352.438
371.087
308.450
u22.547
4L, 007
4EQ. 986
596,381
744,397
916.517
107.549

TOTAL
258.881
284.270
305.606
311.342
324.043
346,491
374,792
402.286
429,145
456,467
593.670
750.416
925,235
113.821
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TABLE IIl.—National and Regional Load Factors
LOAD FACTOR - SUMMER PEAK

YEAR NPCC MAAC ECAR SERC MAIN SPP ERCOT MARCA WSCC NAT

1971 0.653 0.607 0.696 0.€27 0.561 0.5€4 6.570 0.583 0.R59 0.62¢
1972 0.€83 0.618 0.707 0.633 0.578 0.563 0.570 0.587 0.670 0.€38
1973 0.624 0.600 0.696 0.637 0.568 0.560 0.551 0.574 C.669 0.628
1974 0.658 0.591 0.686 0.633 0.575 0.561 0.552 0.577 0.€68 0.627
1975 0.650 0.585 0.680 0.627 0.578 0.559 0.542 0.581 0.€665 0.622
1976 0.654 0.583 0.687 0.64C 0.582 0.556 0.530 0.584 0.€674 0.627
1977 0.652 0.580 0.686 0.641 0.579 0.551 0.52€ 0.578 0.684 0.€27
1578 0.652 0.583 0.690 0.647 0.586 0.546 0.521 0.572 0.689 0.629
1979 0.652 0.586 0.692 0.653 0.591 0.542 0.518 0.5€7 0.693 0.631
1980 0.651 ¢.588 0.695 0.659 0.598 0.538 0.51¢ 0.5€3 0.69¢9 0.633
1985 0.645 0.596 0.706 0.685 0.619 - 0.522 0.501 0.545 0.719 0.640
1990 0.641 0.666 0.720 0.715 0.64Yy 0.512 0.515 0.532 0.740 0.652
1995 0.639 0.619 0.732 0.746 0.668 0.504 0.508 0.523 0.760 0.€63
2000 0.634 6.628 0.7u43 0.773 0.689 0.502 0.500 0.516 0.778 0.672

LOAD FACTOR-WINTER PEAK

YEAR NPCC MAAC ECAR SERC MAIN Spp ERCOT MARCA Wscc NAT
1971 0.645 0.771 0.729 0.706 0.732 0.851 0.915 0.677 0.638 0.713
1972 0.657 0.748 0.716 0.690 0.709 0.818 0.856 0.630 0.651 0.703
1973 0.631 0.762 0.723 0.683 0.737 0.774 0.802 0.660 0.647 0.608
1974 0.649 0.725 0.704 . 0.669 0.707 0.767 0.776 0.637 0.651 0.688
1975 0.641 0.715 0.698 0.655 0.706 0.730 0.746 0.622 0.646 0.676
1976 0.640 0.683 0.687 0.653 0.683 0.722 0.723 0.631 0.659 0.672
1977 0.642 0.682 9.689 0.650 0.680 0.686 0.692 0.615 0.660 0.666
1978 0.638 0.673 0.688 0.649 0.674 0.662 0.672 0.607 0.661 0.661
1979 0.633 0.66€ 0.685 0.647 0.668 0.641 0.656 0.597 0.662 0.656
1980 0.629 0.659 0.684 0.6u46 0.663 0.624 0.643 0.591 0.664 0.652
1985 0.614 0.638 0.678 0.648 0.653 0.598 0.611 0.570 0.670 0.643
1990 0.604 0.627 0.679 0.660 0.654 0.595 0.627 0.565 0.682 0.6u47
1995 0.598 0.624 0.683 0.677 0.661 0.606 ,0.6uY 0.566 0.695 0.656
2000 0.590 0.623 0.686 0.695 0.668 0.640 0.654 0.570 0.707 0.668
Southwest (6.2 percent) and lowest in the mid-Atlantic (3.5 incentives will be applied to arrest these declining load fac-
percent) and Northeast (3.5 percent). tors.

National and regional load factors are shown in Table III.
Nationally, summer loafl factor is forecasted to improve for REFERENCES
the same reasons mentioned previously, that summer peak

load is growing less than KWH output, industrial growth, and 1. “CRA Studies Forecast Effectiveness of Electrical Demand Models,”” CRA

load mzjmagement. National Win'ter load faCtor is t.‘orecasm‘d - Research Review, Charles River Associates, Inc., Cambridge, MA, Winter
to decline because of the considerable increase in electric 1977.
space heating, especially in the more moderate climates. 2. ““The Residential Demand for Energy: Estimates of Residential Stocks of
The low summer load factors forecasted by the model for Energy Using Capital,” EPRI EA-235, January 1977.
3. ““The Data Resources U. S. Long-Term Forecast,” Data Resources, Inc.,
ERCOT, SPP, and MARCA may not actually occur because, Winter 1977,

most probably, additional load management equipment and 4. “State and Area Forecasting Service,” Data Resources, Inc., May 1976.






Computer modeling of automotive engine combustion
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INTRODUCTION

Using a general outline of the physical and chemical events
which occur in an automobile combustion chamber during
a complete engine cycle, we discuss some of the achieve-
ments and some of the limitations of computer modeling of
automotive engine combustion. We point out that this type
of modeling is often limited by lack of physical knowledge
and by computer software and hardware restrictions. Still,
within these constraints many types of combustion models
have been able to make important contributions to present
understanding of automobile engine combustion.

Although the internal combustion engine has been in use
in automobiles for about a century, the current need for
increased fuel economy and reduced chemical pollutant
emissions creates many new problems for automotive engine
design. In order to provide support for engine designers and
to provide additional theoretical analysis and insight into the
physical and chemical processes which are part of engine
combustion, increased attention has recently been given to
detailed computer modeling of automotive engine combus-
tion.

Computer models of combustion processes are limited in
three principal areas. The first of these areas involves in-
adequacies in fundamental descriptions of relevant physical
systems. For example, fluid mechanical turbulence has a
profound influence on many aspects of internal combustion
engine performance, but the theory of turbulence and its
effects on chemical reactions and flame propagation are
rudimentary at present. In addition, theoretical descriptions
of processes such as liquid atomization and other multiphase
flow systems are generally inadequate. The second major
limitation for numerical models of complex physical and
chemical systems is that, even when the physical description
is relatively complete, often there are serious deficiencies in
the numerical methods available for solution of the relevant
systems of equations. The comparatively recent develop-
ment of ‘‘stiff equation’’ solution methods has made a sig-
nificant improvement in the ability to handle the chemical
kinetic rate equations of combustion chemistry, but other
problems remain. In computations which include the effects
of spatial transport of mass and energy, there are very large
systems of coupled partial differential equations to be
solved, often between 25 and 50 equations for each of as
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many as 10000 computational cells, for a total of nearly half
a million differential equations. Matrix solution techniques
for such systems are not available and most problems must
be greatly simplified in order to find solutions. The final
major limitation for many numerical models is the result of
basic computer hardware constraints, including available
core size, memory access times, and arithmetic operation
speeds. These limitations restrict the spatial resolution,
chemical kinetic detail, and geometrical generality of the
problems which can be addressed with computer models.
The combustion models which have been developed to date
are all subject to each of these major limitations, and it is
unlikely that this situation will change substantially in the
near future. Still, within these limits, a great variety of useful
and valuable information has been developed through nu-
merical modeling of combustion problems.

In the internal combustion engine, fuel is introduced into
the combustion chamber in any of a variety of forms, in the
gas phase, as a liquid, or a combination of the two phases.
The resulting mixture of fuel and air is then ignited, again
in any of several methods, and the resulting flame or flames
propagate through the combustion chamber, consuming fuel
and oxygen and producing, as products of combustion,
water, carbon dioxide, and an often bewildering variety of
chemical pollutants. The energy released by the reactions is
converted to mechanical energy as the piston moves down-
ward. The flame can be extinguished by a number of mech-
anisms, by contact with the cold walls of the combustion
chamber, by the rapid expansion of the combustion chamber
as the piston moves downward, or by consumption of avail-
able fuel. Many forms of flame extinction or quenching leave
unburned fuel in the combustion chamber which can even-
tually result in hydrocarbon pollutants in the atmosphere.
The combustion products are then passed through an ex-
haust system where the product gases are often subjected
to additional reaction environments, such as catalytic con-
verters, in order to modify the exhaust composition. Seen
in this general outline, it is readily apparent that no single
numerical model can be expected to deal adequately with
the physical and chemical details of the entire process. One
approach to modeling the combustion process is that which
is characterized as thermodynamic models.* In these models
the gases are divided into two regions, burnt and unburnt;
empirical relations are then used to determine the rate at
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which gases go from unburnt to burnt. These models provide
little information on the spatial and chemical details of the
combustion process. Another approach is to break the broad
total problem into a sequence of overlapping smaller prob-
lems which can be analyzed separately. Only by this type
of fragmentation can any of the physical subsystems be
made tractable for analysis. It is also common to use sym-
metry assumptions to simplify the geometrical aspects of
many problems, since fully three-dimensional problems usu-

ally require a prohibitive amount of computer memory and .

CPU time. .

The problem of fuel injection into a combustion chamber
provides an instructive example of a number of these points.
Numerical models of liquid fuel sprays®~* have assumed that

(a)

EQUIVALENCE ‘RATIO
TIME = 1.00 ms

(c)

EQUIVALENCE RATIO
TIME = 3.0l ms

Figure 1—Contours of constant equivalence ratio for gas jet injection. Fuel-rich contours are near the center and fuel-lean contours are near the perimeter of
the jet. Air swirl rate is 4000 RPM.

the liquid spray consists of an array of independent spherical
droplets. This type of treatment ignores the important proc-
ess of the atomization of the initially continuous liquid jet,
since there is no physical theory which properly describes
liquid jet atomization. When the assumption is made that
the jet does break up into individual fuel droplets, a purely -
computational problem arises. In one of the more ambitious
droplet models to date,? the liquid droplet distribution func-
tion becomes a variable in eight independent dimensions,
including three space coordinates, three velocity coordi-
nates, the droplet radius, and the time. With even the min-
imum resolution in each dimension, this treatment requires
the computational manipulation of a variable with a dimen-
sion of more than 1.5 million (decimal) words at each time

(b)

—
=

ﬁ

EQUIVALENCE RATIO
TIME = 2.00 ms

EQUIVALENCE RATIO
TIME = 5.00 ms
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step. If assumptions are made with respect to physical sym-
metry, limiting the applicability of the model to somewhat
idealized geometrical configurations, then the memory size
requirements of the model are brought down to a more
manageable 30,000-50,000 words, but some generality has
been sacrificed.

Another injection model often used®® consists of treating
the injection as a gaseous jet into a gaseous medium. By
eliminating the droplet phase a substantial reduction in the
computational requirements is possible. In many practical
applications, particularly in diesel engine chambers where
conditions are close to the thermodynamic critical point of
the fuel, the gas jet approximation is quite realistic. We can
illustrate this approach with results computed by one of us
(L. H.) for the case of a gaseous fuel jet injected into a
swirling air flow. The combustion chamber is a thin circular
disk representing a typical diesel combustion chamber near
TDC, the point of maximum compression. Fuel is injected
into the air flow which is swirling at a rate of 4000 RPM.
The fuel is emerging from the injector at a velocity of 500
meters per second and is injected for 2 ms. As the gaseous
fuel jet moves through the chamber, air and fuel gradually
mix together. This mixing takes place preferentially at the
edges of the gas jet where the shear force between the fuel
and air is largest. In addition, the swirling air flow further
enhances the fuel-air mixing. We can summarize the overall
gas jet evolution by plotting contours of constant equiva-
lence ratio ¢ in the combustion chamber at a sequence of
times. The equivalence ratio is defined as the ratio of actual
fuel concentration at a point to the fuel concentration which
would exactly consume all of the oxygen at that same point.
Therefore for ¢>1 the mixture is locally fuel rich, while for
¢<1 the mixture has excess oxygen. In Figure 1, we plot
contours of constant equivalence ratio for values of ¢=2.0,
1.5, 1.0, and 0.5 at a sequence of times of 1 msec, 2 msec,
3 msec, and 5 msec after the beginning of injection. We see
that the fuel jet travels across the chamber and gradually
mixes with air. Large scale eddies are formed at each side
of the jet due to air entrainment, and the swirling air flow
deflects the jet in the direction of the swirl. These results
have been compared and agree with experimental data.® The
computer model has been used to examine the results of
variations in a variety of quantities, including air swirl rate,
injection velocity, and injector location. This type of param-
eter variation in a computer model can be much more eco-
nomical than a corresponding experimental program and can
be used to indicate promising conditions for a much smaller
number of experiments. This process reduces the time and
expense of a research program.

Once the fuel charge has been prepared, the mixture must
then be ignited. The ignition process, either by compression
as in the conventional diesel engine, or by spark discharge,
presents many serious problems to a modeling effort. In the
case of spark ignition, it is not yet clear how the electrical
discharge initiates the combustion. It appears that, for a
relatively short period of time, even the assumption of local
thermodynamic equilibrium does not apply, i.e., that the
translational, rotational, and vibrational temperatures of the
gas are not all equal. There is an appreciable amount of

ionization of the gas molecules, so the chemical kinetics
properties of the gas are poorly understood. Also, fluid flow
properties in the vicinity of a spark discharge are not always
subsonic, and shock waves can be generated. In addition to
these physical model inadequacies, ignition modeling pre-
sents serious numerical problems. The characteristic phys-
ical dimension of a spark region is very small, of the order
of a millimeter or less. Yet the overall size of the combustion
chamber is many times larger, indicating that lack of phys-
ical resolution may be a problem in computations. The ig-
nition process is a difficult one for numerical modeling and
a great deal of work is needed in this area.

Once the charge is ignited, a flame will propagate through
the combustion chamber. The chemical kinetics of hydro-
carbon fuel oxidation is another complex subject which is
subject to both a lack of fundamental chemical information
and by computational limitations. Detailed information on
the reaction mechanism, intermediate chemical constituents,
and elementary reaction rates is currently available for only
the simplest of fuels. The chemical kinetics of methane
(CH,) involves as many as 25 chemical species and 50-100
elementary chemical reactions in a reasonably complete de-
scription of its oxidation and energy production.® Practical
fuels such as gasoline involve many more constituents and
reactions, many of which are unknown. As a result, simpli-
fications are usually made in the expressions for the reaction
mechanisms for almost all practical fuels.

Reaction mechanisms, exact or simplified, can then be
coupled with fluid flow equations in a spatially varying, time
dependent numerical model of flame propagation. Many
such models exist. In one example, a comparison was made
between combustion in a homogeneous charge engine and
in a stratified charge engine.”® Computed results indicate
that charge stratification, combined with increased compres-
sion ratio, can make significant contributions towards re-
ducing pollutant formation and improving fuel economy.
Typical results are shown in Figure 2, indicating the reduc-
tion in carbon monoxide and nitric oxide levels as a result
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T T .
80 CH, -
60 —~
£ 40 —
%
Q 20 —
©
=3
g 0 '
2
=
£ 80 T T - 25 T T T
g co co
5 e 7 4 20r
2 15+ 1 -
40 |- —
10 -
20} 4 (L 2
0 I L 1 0 i L 1
0 04 0.8 0 0.4 0.8

Time, milliseconds

Figure 2—Total calculated concentrations of CH4 (methane), NO, CO,, and
CO for homogeneous charge (1) and stratified charge (2) combustion.
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of charge stratification. In addition, preliminary calcula-
tions™® indicate that the stratified case may also provide
increased fuel economy in terms of pressure increase per
unit mass of fuel burned over the conventional homogeneous
charge case.

In the analysis of stratified charge engine combustion,
experimental techniques are not yet able to obtain enough
data to adequately evaluate many performance characteris-
tics. Time- and space-resolved information inside an engine
chamber, including temperature, chemical species concen-
trations, and bulk fluid motion is not usually available, even
with advanced laser diagnostic techniques. While this situ-
ation will eventually be remedied, at present computer mod-
eling offers the only access to much of this type of infor-
mation.

Another exceedingly important area of combustion re-
search in automotive engines which is at present best ap-
proached by modeling studies, is that of flame quenching.
Flame quenching can occur in several physically distinct
regimes. Perhaps the best known quenching phenomenon
results from a flame encountering a relatively cold wall of
the combustion chamber. The gas temperature drops sharply
in a boundary layer to the temperature of the wall; that
temperature close to the wall is too low to sustain oxidation
reactions, so the fuel which is in this region remains un-
burned. During the subsequent exhaust phase of the engine
cycle these unburned fuel regions are swept out of the cham-
ber and are a major source of the unburned hydrocarbon
component of combustion pollutants. Modeling of this phe-
nomenon is made difficult by two major factors. First, very
fine physical resolution is needed in this type of problem,
since the boundary layer has a thickness of less than a
millimeter and this layer must be subdivided into a reason-
able number of computational zones. Also, the mechanism
of wall quenching almost certainly depends strongly on the
details of the interaction between the thermal boundary layer
and a number of elementary reaction rates, so this problem
also requires a complete chemical kinetics model. Both the
resolution and kinetics aspects of this problem require very
large computers and sophisticated computational methods.
Progress in modeling wall quenching processes is only now
beginning to be made.

A physically distinct type of quenching can occur in a
reciprocating engine, particularly under conditions of lean
combustion and late ignition, where the piston motion rap-
idly increases the volume of the combustion chamber. This
expansion lowers the reacting gas temperature and its den-
sity. Since the rates of the great majority of elementary
chemical reactions decrease rapidly as the temperature and
density are reduced, this volume expansion can significantly
reduce the rate of fuel oxidation, even to the point of totally
halting the flame propagation. Laboratory experiments and
an accompanying numerical modeling study have together
been able to provide a fairly complete physical description
of this type of bulk quenching of hydrocarbon oxidation by
rapid expansion of the reaction gases.’

Another type of numerical modeling of combustion pro-
cesses in automotive engines is shown by an example of a
multidimensional fluid mechanics model. It is currently not

feasible to include a detailed chemical kinetics model with
two or three independent space dimensions. This limitation
can best be illustrated by remembering that in a typical
kinetics model, approximately 20-30 differential equations
must be solved, one for each chemical constituent. In a
spatially varying model, these species equations must be
solved for each computational cell, plus the usual fluid me-
chanics variables such as velocity and density. For a one-
dimensional, time-dependent model with 100 cells this re-
quires the solution of about 2500 coupled partial differential
equations at each time step and takes up to an hour of CPU
time on a CDC 7600 computer. For a computation with two
space dimensions and 100 cells in each dimension, the same
problem would consume over 100 hours, or four days of
computer time, making such a computation practically un-
feasible. As a result, almost all engine models which con-
sider two space coordinates simplify the reaction model to
one or two ‘‘global’’ reactions which are intended to give a
reasonable representation of the chemical heat release which
can be expected. Within this context, useful information
about fluid flow properties which may not depend on the

. chemical kinetics details may be examined numerically. In

an example of the use of this type of model, we compute
the fluid mechanical motion of the gases in a motored engine
chamber over a full four-stroke cycle. The engine is assumed
to be axially symmetric, with a single intake-exhaust valve
located on the chamber axis. The piston motion and valve
timing represent an engine speed of 2500 RPM.

Manifold: i| Head

i Piston

Figure 3—Initial grid for motored engine calculation. Only half of the grid
is used for the calculation, it is reflected about the axis here for
presentation purposes.
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In Figure 3, we show the initial grid used in this calcula-
tion. The valve, head, piston, and cylinder walls are all
represented as solid boundaries, with no heat conduction
through them. The pressure at the left boundary is held
constant at one bar, while the piston and valve move across
the grid, which is stationary. This figure and the others in
this series are taken from a sequence of computer-generated
graphical output. This data has been put into the form of a
continuous film which is a very useful and informative man-
ner for presentation. Figures 4-15 are vector plots of the
velocity for every other computational cell. For each plot
the vectors are scaled linearly with the maximum velocity -
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always being the same length. The plots are at 4 msec in-
tervals, which is equivalent to 60° increments of crank angle.

The intake stroke is shown in Figures 4-6. At 4 msec a
toroidal vortex is formed downstream from the valve and
the flow velocity of the air through the valve has reached
half the sound velocity of the air. This high velocity contin-
ues through 8 msec, by which time two toroidal vortexes
have formed. At 12 msec, which is the bottom of the stroke,
the flow through the valve has stopped and the peak velocity
is approximately one fifth the sound speed. The flow in the
cylinder chamber has now broken up into a number of small
vortexes and is quite complex. At 14.4 msec the intake valve
closes and it and the manifold are removed from the com-
putational problem. At 16 msec the compression stroke has
begun and the flow continues to decay since it no longer has
the flow through the valve to drive it. Figure 7 and Figure
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Figure 11—Time 32ms. Maximum velocity 10 m/s.

8 show the piston approaching the top and at the top of the
compression stroke. At this time the grid resolution is fairly
coarse and so the definition of the flow is rather poor. This
could be corrected either by rezoning the grid or by using
a grid which moves with the piston.

The expansion stroke is shown in Figures 9-11. On this
stroke the gas motions caused by the intake valve have
largely been dissipated, and subsequent gas motions are
dominated by the motion of the piston. Through most of the
expansion stroke the maximum velocity of the gas is close
to the piston velocity.

At 33.6 msec the manifold and exhaust valve are put back
into the grid. Figure 12 shows the calculation at 36 msec, at
the bottom of the expansion stroke. The inflow of gas
through the valve and the small vortex in the cylinder cham-
ber are caused by the fact that the exhaust valve opens 2.4
msec before the end of the expansion stroke, so air can be
drawn in from the manifold. Figures 13-15 show the exhaust
stroke. The distinctive feature of this flow is that it is rela-
tively simple. The flow reaches its maximum velocity at 44
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Figure 10—Time 28ms. Maximum velocity 12 m/s.

Figure 12—Time 36ms. Maximum velocity 48 m/s.
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Figure 13—Time 40ms. Maximum velocity 113 m/s.

msec. The velocity at this time is two thirds the sound
velocity.

These flow visualization calculations can consume signif-
icant amounts of computer time, particularly if a fine grid is
needed to resolve the flow. Thus it is important in this kind
of calculation to take maximum advantage of computer ar-
chitecture and to have efficient algorithms for solving the
equations. For example, the program used for the flow vis-
ualization calculation achieves a speed up of about a factor
of two by using the parallel processing capabilities of the

CDC-7600. Another factor of two was attained by using a -

more efficient algorithm for solving the equations. Thus a
calculation which once took four hours of computer time
can now be done in one hour.

In the examples presented of current research in computer
modeling of automobile engine combustion, we have em-
phasized three major points. First, there are difficult theo-
retical problems which remain to be solved before many
combustion problems can be effectively approached. For
these problems, such as liquid atomization and turbulence,
even the physical and mathematical formulations are not yet
satisfactory. Major efforts are under way, directed towards
solving some of these theoretical problems, and considerable
progress can be anticipated in the next few years. Second,

Figure 14—Time 44ms. Maximum velocity 201 m/s.

Figure 15—Time 48ms. Maximum velocity 46 m/s.

efficient numerical solution methods are needed in many
cases where the mathematical model is satisfactory, but the
computational methods are inadequate. Like in the case of
chemical kinetics rate equations, where the development of
stiff equation software made efficient solutions possible,
problems remain which are primarily numerical in nature.
One of the most prominent examples of this need is in the
treatment of two-dimensional and three-dimensional geo-
metrical problems involving spatial transport. At present,
nearly all of the available solution algorithms for these prob-
lems are slow, unwieldy, and inaccurate, and a great deal of
work needs to be done. The development of faster and larger
computers, with new computer architectures, provides con-
siderable promise in this area. Techniques which were not
feasible on earlier computers may be attractive on vector
pipeline or parallel processors. Finally, many additional lim-
itations are placed on the productivity of computer combus-
tion models by hardware limitations, particularly those of
core size and computation speed. In this area as well, ad-
vanced computer development should be of great benefit to
combustion research. The magnitude of the theoretical and
computational tasks involved in modeling of automobile en-
gine combustion makes it certain that this research will
continue to require the most advanced computers and nu-
merical techniques available. The automotive engine ac-
counts for a significant part of current energy usage and an
even larger share of the petroleum usage. Even small im-
provements in combustion properties can have a sizable
impact in many areas, and computer modeling of automobile
engine combustion has the capability to make significant
contributions to improved combustion characteristics.
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Computer modeling of automotive

components and structures

by MOUNIR M. KAMAL and JOSEPH A. WOLPF, JR.

General Motors Research Laboratories
Warren, Michigan

INTRODUCTION

After years of steady, predictable model changes, the Amer-
ican automobile industry is in the midst of the most intense
product changeover in its history. By 1985, manufacturers
must introduce new lines of vehicles which produce practi-
cally no pollutants, and which consume much less fuel. One

obvious step in the solution is to resize the automobile,

thereby producing a lighter, smaller vehicle, without sacri-
ficing interior roominess and passenger safety. To accom-
plish the design of such a car, the structural engineer will
need to use imaginative concepts and a variety of new ma-
terials. The computer is and has been an indispensable tool
in carrying out these changes.

In the past, vehicle structural design was based on expe-
rience, extensive laboratory testing, and finally, proving
ground evaluation and development. Analytic methods
though available were extremely difficult, if not impossible
to apply to the complex automobile structure (Figure 1).
Emphasis, therefore, was on experimental determination of
structural behavior and performance. However, the de-
mands on the automobile designer increased and changed
rapidly, first to meet new safety requirements and later to
reduce weight in order to satisfy fuel economy requirements.
Experience could not be extended to new vehicle sizes and
performance data was not available on the new criteria.
Mathematical modeling was therefore a logical avenue to
explore. First, computer simulations of specific structural
behavior were developed, especially in the area of auto-
mobile safety. Later the development of computer graphic
packages allowed more accurate representation of automo-
bile geometry with less engineering time required to generate
the model. Most recently the finite element method, a com-
puter dependent numerical technique, has opened up a
whole new approach to vehicle structural design.!

The exponential increase in computerized analysis of au-

tomobile structures is reflected in the growing number of
Society of Automobile Engineers (SAE) structural analysis
papers presented in recent years. Over the last ten years,
this increase has been at a compounded rate of 25 percent
per year. A further sign of recent interest in finite elements
and other structural analysis methods in the automotive
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industry can be found in the proceedings of two international
conferences on Vehicle Structural Mechanics held in 1974
and 1977 by SAE. %3 The analytic methods discussed at these
meetings made it possible to evaluate and optimize the au-
tomobile structural design.

Starting with the 1976 Cadillac Seville, all new General
Motors automobiles have been evaluated and developed
using the finite element method. Without these advanced
computer aided analytic tools, it would not have been pos-
sible to make the progress that resulted in substantial weight
reduction and still retain occupant safety, comfort and in-
terior space requirements.

COMPUTER MODELS FOR VEHICLE SAFETY

In the early sixties, barrier impact testing was the only
method available for evaluating the crashworthiness of a
vehicle structure.* Later in that decade computer simulation
techniques, based on test data, were used to help understand
the dynamics of collision of both the vehicle® and the oc-
cupant.5” In 1970 simulation was advanced to the point that
the technique became a reliable design tool in the automotive
industry. All these methods, however, required experimen-
tal inputs to represent the large plastic deformations in the
structure. In particular, Kamal and Lin®® represented the
major vehicle structural components (such as the frame,
sheet metal, drive line, fire wall etc.) as nonlinear resistances
(Figure 2) whose force-displacement behavior are obtained
from static crush tests. The body, engine, and transmission
cross member are represented by lumped masses. The equa-
tions of motion are then solved in which the dynamic resis-
tive forces of the crushing structures are each assumed to
increase linearly with the instantaneous rate of deformation
for that element of the structure. While these were important
developments, there was still the need to solve the structural
deformation problem analytically so that one could predic-
tively assess the crashworthiness of a particular design.
Given the irregular geometry of the automobile structure
(Figure 1), the finite element method was a natural tool.
Melosh and Kelly® outlined in 1967 the problems that would
be encountered in applying the method to predict car crash
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Figure 1—Typical automotive body structure

response. This, however, has yet to be accomplished for a
full vehicle.

The structural problem to be solved is that of determining
the dynamic forces and displacements for the automobile
structure which is made up of shells, beams, corrugated
panels, and irregular bars all subjected to large plastic de-
formations. Many of the components are made of thin-
walled beams and columns whose sections collapse during
these large high-rate deformations.

In the case of certain components or elements of an au-
tomobile structure, progress has been made. Ni'® has mod-
eled the impact response of a curved box beam-column using
a finite element-finite difference technique. This type of
structure (Figure 3) is used in the car frame and underbody
structure. Good agreement with experimental measurements
was obtained (Figure 4) for both aluminum and steel frames
of various dimensions.

Chang!' also discovered the importance of local defor-
mation in his study of the automobile body structure. He
presented an approximate technique for estimating the ulti-
mate load-carrying capacity of the body structure without
the need for experimental data (Figure 5). This procedure
has been very useful in determining whether the body (or
passenger compartment) will withstand the forces generated
while the frontal structure crushes and decelerates the ve-
hicle. It should be mentioned, however, that this is an ulti-
mate load analysis quite different from what is needed in the
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Figure 2—Mathematical model for the analysis of vehicle frontal impact
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Figure 3—Dimension of curved box beam-column in mm (inches)

frontal structure, namely the dynamic force-deformation
function. Also metal panel deformations do not play as im-
portant a role in this problem as they do in frontal crush.

To summarize, computer simulation of vehicle impact is
widely used to solve vehicle safety problems. Predictive
analytic techniques are being developed, with progress being
reported every year using numerical techniques heavily de-
pendent on the digital computer.

VEHICLE MODELS FOR VIBRATION

Until the finite element method became available, dy-
namic modeling was on the basis of gross models with only
a few degrees of freedom.? However, mathematical mod-
eling using substructures or building blocks had been well

.understood for some time.'* What was needed for imple-

mentation was the development of computers with large in-
core storage capability to contain information on the large
number of simultaneous equations or degrees of freedom
required for a complete vehicle model. The final ingredient
for success was the development of a ‘‘general purpose’
structural computer code, which is user oriented, and has
extensive documentation facilitating application by nonspe-
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Figure 4—Comparisons of analysis and experiment for dynamic force-
deflection relationship (steel, 15.4 mph and aluminum, 15.3 mph).
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Figure 5—Finite element model of car body side structure

cialist design engineers. The NASA STRuctural ANalysis
(NASTRAN) program is one such code.* A part of this user
convenience has been the ease of model visualization and
results interpretation arising from the choice of structural
displacements as the unknowns in the formulation of the
equations of motion.

Current methods

Within the last five years, complete vehicle structural
models based on the finite element method have become a
practical alternative to testing. More or less complete finite
element models were described as early as 1970, by Selna
and Salinas.'® The method has been widely used both in the
United States and overseas. This approach enables the an-
alyst to generate a model based on structural blueprint di-
mensions and material properties, prior to any prototype
build. Modeling is often done with enough detail so that the
result may be used for examining local behavior as well as
overall dynamic properties. The use of many thousand de-
grees of freedom (equations of motion) is not unusual. A
typical model for a unit body car is shown in Figure 6. A
typical beaming vibration mode shape resulting from com-
puter finite element analysis of this car is shown in Figure
7.

The cost of performing a vibration analysis on a complete
several thousand degree-of-freedom model can be prohibi-
tively expensive even on a modern high-speed computer.
Usually, dynamic degrees of freedom are needed only at
points of significant mass and moment of inertia. Conden-
sation techniques can be used in this case to reduce the
unknowns to a more manageable number. ¢

Substructuring is also useful for cost and time savings.*

Figure 6—Model of unit body vehicle

Figure 7—First beaming mode sprung mass model, 23.1 Hz

The key to success is the reduction in the total number of
degrees of freedom (dof) as the model becomes more spe-
cific; that is, as we progress from a continuum (infinite dof),
to a collection of finite elements (~2500 dof), to sev-ral
substructures (~250 dof), to a structural system (~25 dof).
This reduction procedure saves time and money in the com-
putations without materially reducing our physical under-
standing. Substructuring is a good illustration of how one
can extend the capabilities of the computer when the naive
temptation is to represent more and more details in the hope
of increasing the fidelity of the model.

Structural acoustics

Another area receiving considerable recent interest for
modeling and computer solutions is low frequency vibrations
(up to 200 Hz) of the interior volume of the passenger com-
partment. Finite element analysis is attractive for these sys-
tems of complicated geometry. Considering first the case of
free vibrations, the passenger compartment air volume is
subdivided into the usual finite element mesh, as shown in
Figure 8. For low frequencies (less than 100 Hz), the sound
pressure field has very little cross-body variation, and a two-
dimensional model suffices.

The fluid mass and elasticity may be described relative to
the finite element mesh as for a structural system. The
calculations of natural frequencies and mode shapes then
proceed in a straightforward manner.' The results are
shown for four configurations of a station wagon in Figure

/ 7] , |
<

Figure 8—Finite element model of station wagon passenger compartment
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Figure 9—Acoustic mode shapes for four configurations of station wagon

9. The inclusion of flexible walls in the model is also easy
to accomplish. Once the resonant properties of the com-
partment and surrounding structure are established, forced
vibration analyses may be performed to predict the interior
noise for various operating conditions.

Computer graphics

The magnitude of data input required for finite element
models dictates the use of automated data generation and
handling, usually using interactive computer graphics. At
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Figure 10—Display console screen imége showing plate model

the General Motors Technical Center, the SMUG (Structural
Modeling Using Graphics) Program®® is based on earlier sys-
tems designed for recording and manipulating styling line
data.'® This program allows the analyst to generate a finite
element model automatically from styling data during an
interactive console session. The program output is a struc-
tural data file ready for input to NASTRAN. A typical plate
model constructed using SMUG is shown in Figure 10.

Computer graphics is useful in several other areas, in-
cluding checking finite element models for errors, and gen-
erating output plots of vehicle vibration modes. Graphics
programs have also been developed for detecting interfer-
ence among solids and surfaces, a prerequisite for allocating
vehicle interior space efficiently.?

VEHICLE MODELS FOR RESIZING AND
OPTIMIZATION

Resource and fuel savings are directly related to resizing
and optimization of vehicle components. The availability of
the computerized structural analyses discussed in previous
sections of this paper led to the ability of automotive de-
signers to resize production vehicles quickly without sacri-
ficing interior roominess and passenger safety. For example,
1978 GM intermediate cars have been lightened by 310 kg
(685 Ib) on the average (Figure 11). The initial resizing re-
sulted in a 68 kg (150 Ib) savings. Subsequent compounding
effects led to a total 15 percent mass reduction. These com-
pounding effects result when weight reduction in one area
permits reduction in another area. A good example is the
bumper system. Clearly a narrower car needs a narrower
bumper, saving 4 kg (9 Ib) from resizing. Moreover, by
reducing the total car mass through resizing of other com-
ponents, the bumper requirements dropped, leading to an
eventual overall savings of 30 kg (67 1b).

The next step in this process of design improvement might
be to computerize the selection of a ‘‘best”” design based on
numerical criteria. This optimization process is an area of

WEIGHT SAVINGS FROM RESIZING = 150 Pounds Average

RESIZED WIDTH
6 inches = B8 peunds average

RESIZED LENETH
17 Inches = 82 pounds average

TOTAL SAVINGS
150 pounds average

Figure 11—Weight savings from resizing
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current research interest, and has resulted in recent papers
on ride quality enhancement® and optimized vehicle crush
resistance.? This concept of design through analysis has
also been applied to the construction of an experimental
-automobile structure,?®?* producing results of use in guiding
production vehicle designers.

Material substitution studies

Another aspect of car design which can produce large
mass and energy savings is that of material substitution.
Using the technology of computer structural analysis and
given explicit design criteria, the designer can quantify his
engineering judgment regarding the benefit of a material
substitution. For example, the effect on bending and torsion
vibrations produced by a change in the mass of a ‘“‘non-
structural”” hood panel of aluminum, or a change in the
stiffness of a frame rail can be determined quickly using the
computer. The various types of structural requirements to
be considered in a material substitution study are discussed
in a recent paper by Chang and Justusson.?

Computer stress analysis

In addition to the overall stiffness and dynamics computer
models which have proved essential for vehicle resizing and
material substitution studies, there has been considerable
usage of finer mesh analysis models for computer stress
analysis studies. Several papers representative of industry
accomplishments in providing lighter, more efficient com-
ponent designs appear in References 2 and 3. Problems dealt
with include stress analysis of doors and other sheet metal
parts, thermal stresses in brake drums, engine and trans-
mission component design, stress analysis of a rear axle
carrier, stress and deflection analyses of truck and tractor
roll-over protection structures, calculation of gear stresses,
stress and deflection analyses of (possibly nonlinear) sus-
pension springs, and turbine and radial compressor com-
ponent analysis.

FRICTION AND DRAG REDUCTION

Friction and drag reduction is another area of opportunity
for the automotive engineer responsible for producing an
energy and resource efficient vehicle. Because of the high
degree of sophistication needed to model these phenomena,
this area is one where the computer has already been of
considerable use and has great future potential. This section
will be divided into three parts, discussing aerodynamic
drag, tires and lubrication.

Aerodynamic drag

‘Because of its timeliness and importance in fuel economy
studies, this subject was the topic of a recent GM Research

Laboratories symposium.*® For current cars, the rolling re-
sistance (due to the mechanical parts of the vehicle) and
aerodynamic drag are about equal near 50 km/h (30 mph),
but the aerodynamic losses are twice the mechanical losses
at 90 km/h (55 mph).%” As mechanical improvements occur,
this trade-off speed will drop, emphasizing the aerodynamic
losses more in the future.

The potential for energy savings is substantial. A 40 per-
cent reduction in aerodynamic drag is felt to be feasible by
aerodynamicists,?” and might produce a 15 percent increase
in fuel economy. Although the opportunities for energy sav-
ings are great in this area, direct computer assistance has
been small to date due to the turbulent and usually unsteady
nature of the three-dimensional flow field. Problems and
prospects for analytical solutions in this area are discussed
by Landahl®® and by Hirt and Ramshaw.?® At present, a
finite difference technique has been applied to some prob-
lems, with finite element methods offering a second ap-
proach in the future.

Tires

Tire mechanics has been an active research area recently,
and was the subject of a short course at the University of
Akron in 1977. The variety of available numerical simulation
techniques is discussed in one section of the course notes.3°
More specifically, because tire rolling losses are an impor-.
tant energy dissipator at all speeds, the relationship between
tire rolling losses and fuel economy was the subject of a
recent SAE-DOT research and development planning work-
shop. Discussion included the topics of numerical simulation
of rolling tires and an analytical method for tire power loss
calculations.®

Lubrication

The refinement of modern lubrication theory is of impor-
tance to the automotive engineer in reducing internal friction
losses to the theoretical minimum. These losses occur not
only in bearings, but also as friction between piston rings
and cylinder wall (=25-50 percent of engine mechanical
losses). Progress in this area has been impressive, in good
measure due to the availability of large computers. Research
on the film profiles which minimize the coefficient of friction
and the total friction force for a given load in a slider bear-
ing® are being extended to consider minimum friction loss
in two-dimensional slider bearings, and in non-steady lubri-
cation (i.e., piston rings sliding in an engine cylinder®?).

Analysis of journal, thrust, and slider bearings has now
been brought to the point of permitting a design engineer to
correctly size such components interactively using computer
aided design programs. For given geometry and material
inputs, the computer immediately displays operating load,
temperature, and power loss results. The designer can
quickly refine the design to fit his needs.?*
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SUMMARY

Computer application in the automotive industry has had a
rapid growth in the past 15 years. The world energy problem
is but one of the challenges of recent times following safety
and emissions. Computer models and methods are being
used today to reduce weight, resize the automobile, reduce
friction of moving parts, reduce aerodynamic drag, substi-
tute materials, and assure product reliability and safety. This
trend will continue and intensify in automotive engineering
as progress is made in both computer hardware and the
applied sciences.
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INTRODUCTION

A great deal of attention has recently been focused upon
‘‘enhanced oil recovery’’; that is, the application of recently
developed processes for recovering oil that would normally
remain in a reservoir following depletion by conventional
techniques. Since this heretofore unrecoverable remaining
oil amounts to about 300 billion barrels in the U.S. alone
(see Figure 1), one can see why enhanced recovery is getting
so much attention.

Among the broad class of enhanced oil recovery processes
are processes called chemical flooding. These chemical
flooding processes are extremely complex and really not
completely understood. For example, a chemist in the lab-
oratory can design a process which will recover 80 to 100
percent of the oil-in-place from a representative piece of
reservoir rock; however, when these same systems are ap-
plied in the field, recoveries have ranged from 15 to 65
percent. This implies that there are interactions which some-
times occur in the reservoir that are sufficiently off design
relative to laboratory work, to result in near or total process
failure. To this technical uncertainty, add the problems of
selecting a specific process for a given reservoir and the
tremendous economic uncertainties that still exist; we see
why chemical flooding is not projected to recover substantial
amounts of oil for this country by the year 1985.

One way to accelerate the amount of oil recovery from
chemical flooding is to obtain a better understanding of what
takes place in a chemical flooding project. This understand-
ing can be achieved through the interaction between math-
ematical models, laboratory results and actual field experi-
ments. Much work is going on in the laboratory, and much
work is going on in the field. However, until very recently
there did not exist a mathematical model which could be
used to better evaluate and understand the complex physics
involved in all these processes and be used to scale the
laboratory results to the field. INTERCOMP has developed
such a chemical flooding model, and the development and

~application of this model is the subject of this paper.

53

The term ‘‘chemical flooding’’ used here is only one of
many names used by the oil industry to describe similar oil
recovery processes. Other names include micellar-polymer
flooding, low tension waterflooding and soluble oil flooding,
as well as several trademarked names for processes devel-
oped by specific companies. These have in common the
injection of a chemical, normally a surfactant (or soap) to
reduce the forces that trap oil in the rock in the presence of
water. With these forces reduced, the oil can be mobilized
and driven to a production well. Although the process is
simple in concept, the specific interactions of the fluids
involved are quite complex.

In order to model the behavior of chemical flooding, a
number of primitive unknowns need to be identified and the
complex partial differential equations which describe mass
balances on these unknowns need to be solved in one, two
and three dimensions. This, however, is not all of the prob-
lem. Because of the important physical processes which are
taking place, the mathematical solution of these equations
needs to be far more accurate in some instances than in any
other petroleum recovery technique which is currently being
routinely modeled. This paper presents results of some ap-
proximations which have been successfully used by INTER-
COMP to generate solutions with acceptable accuracy.

This model is currently being used in an application to
help engineer a micellar-polymer flood in the Bell Creek
field for Gary Operating Company. The model has been
effectively used to characterize two quite different chemical
flooding processes and has aided Gary in selecting the proc-
ess which will be used in the field. A discussion of the
selection process and some preliminary engineering results
which should enhance the performance of Gary’s field pilot
are also presented. While the discussion of the Bell Creek
Project is very preliminary, we believe that this is the be-
ginning of an understanding which will ultimately lead to
much better agreement between project design and field
performance. If this goal is achieved, we will be well on our
way to knowing how many of the 300 billion barrels of now
unrecoverable oil can be recovered economically.
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Figure 1

SPECIFIC TREATMENT

Chemical flooding is the name we shall use to denote
these reservoir processes characterized by the injection of
an agent to reduce the surface tension between oil and water
and, hence, allow the displacement and recovery of oil that
is normally trapped by capillary forces as a waterflood re-
sidual. The process is known alternatively throughout the
industry as miscible-type waterflooding,' micellar flooding,*?
low tension waterflooding,* surfactant flooding,*~” and sol-
uble oil flooding.®

Although chemical flooding could be applied for second-
ary as well as a tertiary oil recovery, the typical chemical
flooding candidate is currently a watered-out oil zone; the
in situ water being a normal oil field brine, high in total
~ dissolved solids and divalent cations. The chemical flooding
process thus consists of (1) a brine preflush to condition the
formation and provide a controlled fluid environment that
will allow optimum activity of the following surfactant sys-
tem; (2) a small slug of a surfactant fluid, generally consisting
of a dilute concentration of petroleum sulfonate in brine,
with the possible additions of cosurfactants, polymers and
other chemicals to stabilize the system, enhance the surfac-
tant activity, reduce adsorption losses and control slug mo-
bility; (3) a mobility control slug consisting of a dilute so-
lution of polymer in brine, used to protect against backside
dilution or overrunning of the surfactant slug by drivewater
and to enhance areal and vertical sweep efficiency; and (4)

a waterdrive to sweep the displaced oil, water and injected -

fluids to the producers.

As pointed out by Knight et al.,' use of a brine preflush
is not universal and certainly there are nuances that are
unique to each company’s process. However, the above
description appears to be the generally accepted character-
ization of the chemical flooding process.

The fluid characteristics and transport mechanisms im-
portant to the chemical flooding process have been studied
extensively throughout the industry. A few of these studies

are described in References 1-14 and we have included in
our model the mechanisms and fluid properties indicated to
be significant.

The chemical flooding system can be represented by six
species or components flowing in a maximum of two phases.
We may think of species one through six as water, oil,
polymer, surfactant, salt and divalent ions, and denote the
phases as aqueous and hydrocarbon. However, if we write
the conservation equations for species three through six as
to allow for (a) partitioning between aqueous and hydrocar-
bon phases, (b) adsorption on the reservoir rock, and (¢)
bulk transport and dispersion in both phases, other systems
may be examined as well. In fact, the formulation used
should allow the study of all of the mechanisms which have

- been indicated by the literature to be important.

Model formulation

The chemical flooding model solves for six components
(or species) in two fluid phases. All six components may
partition amongst the aqueous and hydrocarbon phases.
Four components may disperse by both molecular diffusion
and mechanical dispersion in both the longitudinal and trans-
verse direction and in both phases. The same four compo-
nents may adsorb on the reservoir rock, satisfying equilib-
rium sorption isotherms.

The primitive unknowns to be solved for by the simulator
are:

WA1 Mass fraction of water in the aqueous phase

WH2 Mass fraction of oil in the hydrocarbon phase

WA3 Mass fraction of component three (normally poly-
mer) in the aqueous phase

WA4 Mass fraction of component four (normally surfac-
tant) in the aqueous phase

WAS Mass fraction of component five (normally mono-
valent salt) in the aqueous phase

WA6 Mass fraction of component six (normally divalent
salt) in the phase saturation

SA  Aqueous phase saturation

p Aqueous phase pressure

The equations to be solved by the simulator are:

Component 1 (Water)

d
a_t(¢sa PaWA1+ ¢ShphSH1)+ ) (1)
V(paWA1U,+ o, WH1Up)—G;=0

Component 2 (0il)

a

37 (#82p.WA2+ ¢S, WH2) 2
+V-(p, WA2U, + p, WH2U,) - G, =0

Component 3 (Polymer)

ad
32 (S0 WA3+ 6,8, WH3-+ $1)

+ Vl(paWAiiUa + oo WH3Up) — V(S pagaaVWA3
+ ¢pSh Pnlém VWH3)—g;=0

©)]
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Components 4 (surfactant), 5 (monovalent salt) and 6 (di-
valent salt) equations are the same as that for Component
3, except that ¢, is replaced by ¢.

There are three constraint equations for the system. The
first requires the sum of saturations be equal to one. This
equation is satisfied by setting S;=1-S, in a six component
balance equations. The other two constraint equations re-
quire that the sum of the mass fractions in each phase equal
one. These equations are left explicitly in the formation as
Equations (7) and (8). By ordering the unknowns as shown
on the list of primitive unknowns, Equations (7) and (8)
eventually become the ‘‘saturation’” and ‘‘pressure’’ equa-
tions. .

Assuming an isothermal system with compositions inde-
pendent of pressure, we have the following equilibrium re-
lationships for partitioning of species one through six be-
tween the aqueous and hydrocarbon phases and for
adsorption of species three through six on the reservoir
rock:

WHi=f;(WAj)-,—¢ fori=1 through 6 ©)
Pri=fri (WAj);—1-¢ for i=3 through 6 (10)

For equations of state, we have
Pa=P(WALDLics 6 an
 Po=Pu(WHi,pr)ics 6 (12)
U,=— ,ki (Vpa—pacgVD) 13
Uy=— 2 (¥, ~ p\gVD) (14)

M
where

k,=Kk,(S,,WAi)i_, ¢ (15)
Ky =Kn(Sa, WAL UL ic16 (16)
Pa=pa(WAIL,S,,Ua)ics -6 (17
pn=pn(WAIL,S, )iy (18)

Assuming that the capillary pressure is a function of both
saturation and composition, we have finally

Pn=Pa +Pc(sa 9wAi)i=176 (19)

MODEL SOLUTION

As if developing numerical solutions to Equations (1)
through (19) is not complex enough, the numerical solution
needs to be extremely accurate in order to be able to model
the phenomena of dispersion and fingering. If it weren’t for
these special problems, the numerical solution to Equations
(1) through (19) could follow any normal finite difference or
finite element type approximation, and for this reason will
not be addressed in this paper. We will, however, address
our attention at the specific problems of dispersion and
fingering since these are truly important physical phenomena
to be modeled and help to make some of the interesting
points of this paper.

ONE-DIMENSIONAL MISCIBLE DISPLACEMENT

5% SLUG WITH M=|
wor ﬂ

L~
T 4PV INJECTED

I\, ,

o 500 1000
L)

Figure 2

Figure 2 is included here to illustrate the effects of nu-
merical dispersion. This figure displays the results of a sim-
ple, one-dimensional calculation. If the solution were infi-
nitely accurate, the high spike shown on this figure would
result from the effects of actual physical dispersion on the
solution. As you can also see on Figure 2, the very smeared
curve displays the effects of large numerical truncation error
which has the exact same effect as a large physical disper-
sion. Figure 3 is an illustration depicting the phenomenon of
viscous fingering. This occurs whenever a more mobile fluid
is injected into a less mobile fluid; the more mobile fluid
wants to finger through the less mobile fluid to the producing
well providing a thief zone for the injected fluid. This phe-
nomenon results in cycling of the injected fluid without
really displacing the fluid in place. In chemical flooding,
because the costs of the chemicals injected are so extremely
high, all of the processes are designed around putting in as
little chemical in the ground as is absolutely necessary.
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Because of this, the effects of both physical dispersion and
viscous fingering are extremely important in the field and
need to be modeled accurately if realistic results are to be
obtained. )

There are two approaches to solving partial differential
equations describing the chemical flooding process and still

be able to achieve the kind of accuracies required in order
to model dispersion and fingering. The first approach is to
use high order finite element approximations and the second
approach is to use some local grid modification such that
the accuracy can be concentrated in the areas where it is
required and coarse grids can be used elsewhere. The high
order finite element approximations are depicted by Figure
4 where I have illustrated here third order, cubic Hermite
polynomials which can very effectively be used to generate
fourth order accurate approximations. Figures 5, 6 and 7
illustrate a specific type of local grid refinement. Here we
have an original triangle grid in Figure 5 and two levels of
refinement shown right at the injection well which is in the
lower left-hand corner of Figure 6. Figure 7 illustrates a later
point in time when this refinement has moved in somewhat
away from the injection well in order to accurately describe
a front which is moving away from the injection well. This
is a local refinement that needs to be time varying and move
along with the front.

To illustrate the importance of these phenomena, I've
shown on Figure 8 the effects of dispersion on recovery.
You will note that as the physical dispersion is reduced, the
peak concentration of the injected slug is increased and,
therefore, the amount of oil recovered by continuous dis-
placement of the injected fluid is significantly increased.
Figure 9 is an illustration of a computer plot which shows
a first order approximation to the injection of a slug of
displacing fluid at a one-to-one mobility ratio. You will note
how dispersed this particular slug is relative to Figure 10, -
which represents a fourth order correct solution to this prob-
lem. You will note also Figure 11 where the use of local grid
refinement has been used how much sharper and higher the

| 2 3 8 12 16 24 19
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Figure 5
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PEAK CONCENTRATION OF A 5% SLUG
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peak slug concentrations are than in Figure 9. Figure 12 is
an illustration of a fourth order finite element approxima-
tion’s ability to actually model viscous fingering in an un-
favorable mobility ratio displacement and Figure 13 is an
illustration of how the model is able to accurately predict
recoveries at low dispersion levels for unfavorable mobility
ratio displacements by introducing nominal heterogeneities
into the system to propagate viscous fingers.

One further phenomenon which results when finite differ-
ence approximations are used to model unfavorable mobility
ratio displacements is that of grid orientation. Figure 14
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Figure 12

shows a repeated five-spot pattern and illustrates the two
different grids that could be used to represent the flow of
fluids in a five-spot. You will note that if the regions are
totally homogeneous and if all the injection wells have the
. RECOVERY IN A FIVE SPOT COMPARISON
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every other repeated pattern. You will note from this figure
that one of the grids is parallel to the coordinate axes while
the other grid is running at an angle of 45° to the coordinate
axes. These two grids are called parallel and diagonal for
the sake of discussion. You will note in Figure 15 how the
recovery performance for a very simple displacement proc-
ess can vary depending on whether one uses the parallel or
the diagonal grid. As mentioned before, these results should
be identical and yet there is as much as a 20 percent differ-
ence in the recovery of oil after one pore volume of fluid
injected. This is clearly an intolerable error and needs to be
eliminated. It can also be seen on this same curve that high
order finite element approximations do not exhibit this grid
orientation phenomenon. In fact, none of the finite element
approximations exhibit grid orientation effects which plague
finite difference schemes.

We have illustrated in this section how the problem of
describing a physical process such as chemical flooding re-
quires numerical approximations which not only solve com-
plex partial differential equation with complex nonlineari-
ties, but which also must describe the important physics of
the problem. Finite element approximations are definitely
recommended when high order accuracy to model effects
such as physical dispersion and/or viscous fingering are re-
quired.

MODEL APPLICATION

Once a complex physical model, such as the one described
by Equations (1) through (19), has been coded and debugged
and running smoothly on a large-scale digital computer, one
of the first things that needs to be done is to validate the
model against actual physical processes in order to deter-
mine that the model does in fact describe the complex phys-
ics that it was intended to describe. This is really the stage
of model development in which INTERCOMP is currently
engaged; however, we have modeled two complex chemical
flooding schemes and will illustrate here how the model was
utilized in these particular instances.

The actual study that was performed was to model two
competing design philosophies and to utilize the model to
determine which of these should be implemented in Gary
Operating Company’s Bell Creek micellar-polymer pilot.
The two chemical design philosophies which were modeled
were (1) a small slug high concentration ‘‘soluble oil’’ sys-
tem, and (2) a large slug dilute concentration, ‘‘optimal sal-
inity”’ design.

A number of laboratory experiments were run in order to
obtain basic data for the model as well as to test the design
philosophies in displacing oil from the Brea core. While a
large number of experiments were actually modeled, I have

chosen just two here to illustrate the actual capabilities of

the chemical flood program. You will note from Figure 16
how good an actual match was obtained for a .09 pore
volume slug using the high water content ‘“HWC’’ process
and from Figure 17 we have illustrated the match for the
soluble oil process using a .03 pore volume slug. The inter-
esting features about these history matches were that both
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model runs utilized basically the same data and that only the
different description of the physics resulted in the different
model predictions. While these history matches are not per-
fect, they could easily have been further adjusted and fine
tuned. However, it was not felt that this was necessary since
the purpose here was really to demonstrate the model’s
capability to describe the physics of the two completely
different systems. Once the history match was obtained then
the model was used to predict the ultimate recovery from
the cores using various weight percent surfactant concen-
trations. You see from Figure 18 that here again the model
did an excellent job of reproducing laboratory experiments
and that clearly the soluble oil system, at least in the core,
was significantly better than the high water content process.

Once this history match was obtained the model was then
utilized to make both areal and vertical cross section runs
to see how these processes might deteriorate in the field. It
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is interesting to note that once we made these runs and
combined the areal and the vertical runs to estimate what
would be recovered from the pilot that the model predicted
a 55 percent recovery with a soluble oil process and only a
35 percent recovery with a high water content process.
These results are still preliminary since we did not at this
point look at any degradation due to layering for these sys-
tems. However, it is very interesting to note that a process
which recovers almost 90 percent of the oil in a core would
be predicted to recover only 55 percent of the oil in an
idealized pattern. This is far more like what is actually being
observed in the field and is extremely encouraging that we
have now reached the point where mathematical models can
be used to predict oil recovery by chemical flooding.

Again while this work is still very preliminary, I would
like to point out one other very interesting thing that has
been learned to date from this particular study. The field
pilot has been designed as a five-spot with this expanded to
the full field originally if the pilot is successful. However
one of the interesting things that was noted in this work is
that because of the diverging nature of the flow in a five-
spot as the slug moves away from the injection well very
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little oil is displaced around the edges of the pattern. In fact,
almost no oil is being mobilized around the edges and most
of the oil being recovered from the pilot is coming right out
of the stream tubes that run between the injector and the
producer. This gives the strong indication that line drives or
patterns other than five-spots might be considerably better
for recovering oil via chemical flooding. This work will be
expanded upon and may in fact even result in some design
modification for this very exciting and interesting pilot proj-
ect.

CONCLUSIONS

In this paper we have presented some of the interesting
aspects in the development and application of a chemical
flood model. This clearly illustrates how computers and
mathematical models can play an extremely important role

in aiding the oil industry in recovering additional oil. The -

complex model which was developed is now being utilized
to better understand laboratory work which will in turn
enable us to scale the very important laboratory experiments
to actual field scale projects and hopefully enable us to
obtain a better understanding why some processes seem to
work and other processes seem to fail. Once a process is
characterized and the reservoir is characterized we feel that
a mathematical model of this sort is an excellent predictive
tool and should go a long way toward enabling the oil in-
dustry to recover a substantial fraction of this 300 billion
barrels of oil which is left in the ground and currently called
unrecoverable.
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Geophysical DP requirements could exceed
the world’s GP capacity by 1985

by CARL H. SAVIT

Western Geophysical Company of America
Houston, Texas

INTRODUCTION

The reflection seismic method of underground mapping is
today the only practicable means of selecting a place to drill
a new oil or gas well. As a consequence, the free world
spends about two billion dollars a year for reflection seismic
exploration.

All of this activity consists of data gathering, data reduc-
tion, and data analysis. In 1977 the industry recorded be-
tween 10 and 10% bits of primary data in digital form. All
of these data was processed at least once. Indeed, it is
probable that the geophysics industry processes more pri-
mary digital data than does any other activity. Worldwide,
the industry dedicates computer power equivalent to a few
dozen IBM 370/168’s to processing seismic reflection data.

During 1977 new field techniques were introduced to im-
prove the resolution of the entire process. These new tech-
niques begin by recording about 20 times as much data per
unit of survey as are being recorded in conventional, pres-
ent-day practice. A further increase to about 50 times the

_present data rates will be needed to make the horizontal
resolution of the system reasonably consistent with the ver-
tical. Ultimately, algorithms that take full advantage of the
increased recording density will require 1000 or more addi-
tional computation steps per input point. Consequently, we
perceive a need for a 50-fold increase in internal memory
and a 50,000-fold increase in arithmetic speed. In terms of
“‘power’”’ (where power is defined as the product of internal
memory size and the number of operations per unit time),
these requirements translate to a 3X10%fold increase.

It has been the experience of the past three decades that
available computer power (as we have defined it) increases
about one order of magnitude every 2.7 years. If, as seems
reasonable today, this trend continues until 1985, our com-
puters will then be about 102 times as powerful as they were
in 1977. Also, as seems reasonable today, reflection seis-
mologists will by 1985 be ready for the 3Xx10%fold increase
we have projected. To accomplish the same number of units
of survey in 1985 as were done in 1977, we could be facing
a requirement for 3000 times as many 1985 model computers
as the number of 1977 model machines we used in 1977. It
would, in addition, be reasonable to expect the market for
surveys to have doubled in the next seven years so that we
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may need to increase our demand by an additional factor of
two. (Figure 1)

DATA AND ALGORITHMS

To understand the nature of the geophysical computation
requirement, an overview of the basic physics of reflection
seismology will be of some help.

In reflection seismology a mechanical excitation is applied
at or near the surface of the earth. Pick-ups also on or near
the surface and relatively near the point of excitation detect
the response of the earth to the excitation. From the com-
plex pattern of energy returned to the surface, the explora-
tion geophysicist attempts to select the longitudinal elastic
waves (i.e., the sound waves) that have returned to the
surface by reflection from underground interfaces between
different rock layers. In the current state of the art, energy
of all other kinds is rejected or suppressed as unwanted
‘“‘noise.”

Nearly all processing methods in general use into the first
few years of this decade were based on the concepts of
geometrical optics. In other words, sound waves were as-
sumed to travel along rays and to be reflected or refracted
at the point of intersection of each ray with an interface or
discontinuity. (Figure 2)

As a consequence of these assumptions, deriving a rep-
resentation of the configuration of underground layering

. from the received acoustic signals involves the use of little

more than the algebraic and trigonometric equations of an-
alytic geometry. One major intermediate problem, that of
deriving the velocity of sound as a function of depth from
the surface, appears to require the solution of an integral
equation. Instead, however, of attempting an analytic solu-
tion in the face of noisy and incomplete data, the exploration
seismologist has opted for the method of exhaustive search.
He solves the forward problem of determining a suite of
likely reflection times for selected parts of the data over an
anticipated range of assumed velocities. The algebra re-
quired is primarily the Pythogorean equation followed by a
vast number of correlation calculations to determine the
degree to which reflection times derived from the searched
velocities fit the observed signals.
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Figure 1—The power of typical commercially available computers has been
growing about one order of magnitude every 2.7 years and should continue
to do so through the 1980’s. Requirements of the seismic exploration industry
have been growing and should continue to grow at a substantially faster rate.

The necessary ray-path calculations are quite simple and
so produce a relatively small computational load. Most of
the computation time is devoted to the extraction of good
acoustic ‘‘signals’’ from noisy data. The two approaches
used to improve signal-to-noise ratios are the averaging of
redundant data and filtering by means of a battery of so-
phisticated techniques.

By far the largest computing load stems directly from the
high redundancy of data being taken. A typical field record
of the response of the earth to one mechanical input consists
of 3000 data values taken simultaneously at each of 48
equally spaced surface locations. Each input thus produces
about 150,000 floating-point numbers. Floating point is re-
quired because the signal immediately after the instant of
input can be four orders of magnitude larger than the signal
six seconds later when the recording is finished.

Typically one signal input is applied every 30 to 60 meters
along a line of survey so that a seismic survey produces

IMPULSE — DETECTORS\

SURFACE

REFLECTORS

Figure 2—The geometric-optic model of reflection seismology postulates a
unique raypath connecting an impulse, a given reflection, and an individual
detector; and the angle of incidence is equal to the angle of reflection.

some 2.5%x10° to 5.0x 108 floating-point data values per kil-
ometer.

Such surveys produce data redundancies ranging from 12
to 24 or 48. When more redundancy is required to achieve
useful anti-noise discrimination, more data are taken per
kilometer of survey. Redundancies of 96 are not uncommon
in special situations.

In nearly half of all surveys on land, the input consists of
a swept-frequency (chirp) signal of substantial duration. Sys-
tems using this form of input require the recording of thirty
times more data values per kilometer. Simple computation
in the field compresses these data about 16-fold, but the
result of this compression must be further processed before
it reaches the computational level of unprocessed impulse
data.

Before redundant data can be combined or averaged, sev-
eral distinct data processing steps must be applied. Those
redundant data that apply to, or represent, the same sub-
surface point are gathered from diverse input and pick-up
points. The different sound waves reflected from the same
subsurface point have travelled paths of different length and
have encountered different inhomogeneities in their paths.
Field recordings are, of necessity, made in real time so that
data from different pick-ups must be recorded in time-mul-
tiplexed order.

Normally, the first computational step is to demultiplex
the data into time-sequential value sets for each pick-up.
Next, data are normalized both as to amplitude and time
scale to approximate values that would have been produced
by horizontal plane waves. The necessary transformations
are non-linear but have simple geometric bases.

In most cases the first of several filtering steps is applied
to the data after the amplitude normalization and before
application of the time-scale normalization. Almost always
the filter is in the nature of a deconvolution; that is, an
attempt is made to undo the various spread functions that
characterize the effective shape of the input signal. That the
input function has substantial duration is the result both of
the imperfect nature of the mechanical impulse itself and of
the reverberatory character of the earth materials near the
input source.

Designing the filter operators to be applied to the data to
convert the input signal to a band-limited, simple impulse
function represents a substantial computation load. While it
is a relatively simple matter to use the Wiener-Levinson
algorithm to invert a known (i.e., recorded-in-the-field) me-
chanical impulse shape to a desired simple impulse, it is
somewhat more burdensome to derive the analogous oper-
ator to compensate for an unknown reverberation function.
The usual method is to derive the amplitude spectrum of the
reverberation function from autocorrelations of the unfil-
tered data and to assume (on physical grounds) that the
function is minimum-phase. Other more complex schemes
are in use to various extents.

All of the steps described to this point are necessarily
applied to essentially all of the field-recorded data and,
hence, represent the great bulk of the computation load. In
those cases in which the velocity of seismic waves varies
rapidly along the line of survey, the intermediate step of
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velocity determination, described earlier, can dominate the
computation requirement.

~ In the last computer pass of these preliminary computa-
tion steps, the data are combined or averaged to produce
the compacted, signal-enhanced data set for final processing.
Essentially all of the redundancy has now been removed so
that data volume is reduced by the original redundancy
factor of 12 to 96. Furthermore, the dynamic range of the
data has been sufficiently reduced that results may validly
be written as 16-bit, fixed-point numbers.

Until quite recently, virtually all seismic reflection data
were subjected to at most one or two additional filtering
steps and were amplitude-conditioned in one of two alter-
native modes and formatted for presentation in graphical
form as hard copy.

Such additional calculations as have been made within the
geometric-optics framework have ranged from simple
smoothing operations to elaborate ray-tracing routines but
in the aggregate have had negligible impact on computer
requirements.

ACOUSTIC WAVE EQUATION

We in the exploration-geophysics community have long
been aware that the geometric-optics model of the seismic
reflection process is, at best, a first approximation to reality.
Even the fundamental assumption of the geometrical optics
model—that the longest wavelengths involved are small
compared to the dimensions of interacting elements in the
medium—is at best weakly valid. Some of the wavelengths
we use are indeed substantially greater than the dimensions
of subsurface features of interest.

The simplest model that enables us to relax the dimen-
sional assumption required in geometric optics is acoustical.
In the acoustical model it is assumed that the propagation
of seismic energy can be described by the acoustic wave
equation

2
3Tf =c2V2¢p.
That equation is the mathematical expression of a physical
model in which energy is propagated in a lossless medium
solely by means of variations of pressure.

It is well established that many of the defects of the ray
propagation assumption of the geometric-optic model are
mitigated or effectively eliminated by use of the wave-equa-
tion model. Unfortunately, these advantages are gained at
the cost of orders of magnitude increases in the required
computations.

This increase in computational load is inherent in the
difference in the physical models. In the geometric-optic
model, the reflection from a point on an interface obeys the
specular rule—the angle of incidence is equal to the angle
of reflection. Thus, an impulse from a particular surface
point of origin can reflect at a given point on the reflector
to only one receiver point on the surface. To process the
information relevant to one subsurface point, it is only nec-
essary to treat a number of data values equal to the design
redundancy of the system. (Figure 2)
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Figure 3—The acoustic model of reflection seismology postulates that energy

is radiated in all directions from every point on a reflecting surface. Accord-

ingly, every detector receives some energy from each reflecting point in
response to a given impulse.

In the acoustic model, however, the reflection point is a
new source and retransmits energy in all directions. Hence,
every receiver records energy ‘‘reflected’’ from every point
on the reflector in response to an impulse. Conceptually, we
should use all data from the entire survey to determine the
characteristics of each reflection point. While the details
differ, operationally the process is analogous to the creation
of an image corresponding to a hologram. (Figure 3)

Obviously, an immediate and complete shift from the ray-
theory to the wave-equation approach would have required
more computer power than is available in the entire world.
In any event, the necessary analytical foundations for such
a change have not yet been developed.

What has happened is that a working mix of the two
models has been evolving. In its earliest manifestation the
mix consisted of ray-path processing until a final com-
pressed, enhanced data set is produced, following by a sin-
gle-application of a limited-parameter version of the Kirch-
hoff-integral solution to the wave equation. The number
crunching required for this process when applied to 48-fold-
compressed data was of the same order of magnitude as that
needed for all the preceding steps.

In today’s world, a battery of programming techniques
and analytical simplifications have made the wave-equation
approach more economical and the need for better data has
made funding increasingly available.

In the most sophisticated approach known to me to be in
commercial use, the data are processed at least part way in
the geometric-optic manner to derive model parameters
which are then used for extensive acoustic-wave processing.
The result of that processing is then further modified by a
technique derived from geometric optics to compensate for
an inadequacy in the wave-equation formulations available
today. (Figure 4)

Another few years should see a fully mature acoustic-
wave technique to carry the entire processing sequence, but
it will almost certainly require ray-path processing as a pre-
liminary step to determine initializing or first-approximation
parameters. Much of the processing may be iterative.

For those who are inclined to worry about a possible
static future, I would point out that the introduction of
attenuation into the equations should suffice to keep every-
one busy for some years beyond these projections. After
that we could profitably spend a generation or two applying
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Figure 4—This cross section from offshore California represents a horizontal

distance of about 26 kilometers and a total vertical dimension of 2.7 kilome-

ters. About 3x10? bits of data were recorded at sea. Processing through the

compaction stage was performed in accordance with the raypath model. The

compacted data were treated by acoustic wave methods, and the results were

then further modified by another ray-theory-derived process. Processing costs
were something over $6000.

the tensor equations that describe the elastic behavior of
real solids.

HARDWARE REQUIREMENTS

Since the seismic reflection industry went digital in the
mid 60’s, it has been pressing hard at the frontiers of com-
puter technology. The first group to undertake regular com-
puter processing of seismic data designed and built a special
purpose system because of the limitations of the then-avail-
able GP systems. Seismic industry requirements soon stim-
ulated the development by computer manufacturers of spe-
cialized hardware to cut computing costs for some heavily
used algorithms and thus bring overall costs to an acceptable
level. In the initial years, correlation and convolution op-
erations were the pacing items making up computer costs.
For that reason the first hardware specialties were a fast
multiply-add instruction, followed within a matter of months
by hardwired correlators. In 1966 IBM announced the 2938
array processor and made its first installation at the begin-
ning of 1968.

The 2938, designed in collaboration with Western Geo-
physical, had an instruction set of about 12 instructions with
data arrays as operands. Pipelining and other hardware in-

novations resulted in great speed improvements. Geophys-
ical processing could, as a consequence, proceed for almost
a decade without serious hardware constraints by taking
advantage of normal GP computer developments to comple-
ment the array processor.

Today’s array processors come in a bewildering variety
of styles and capabilities. Married to a mini, one of today’s
better array processors will, on seismic data, outperform a
GP computer and do it at less than 25 percent of the cost of
the GP machine. '

Seismic reflection data today, and for some time to come,
consist of observations arrayed in a three-dimensional ma-
trix. One dimension of the matrix, the one along the line of
survey, is essentially unlimited but, as a practical matter, is
limited to a few thousand values. The vertical (or time)
dimension of the matrix is usually about 3000 data values;
and the third dimension, representing the simultaneous ob-
servations for each input pulse, is in the process of growing
from a present typical value of 50 to about 500 or 1000 in
the next few years. For some applications in which an area
is surveyed in detail (so called 3-D surveys), a fourth di-
mension of a few tens or hundreds of values is appended.

It is becoming more common to use extended inputs such
as coded or pseudo-random pulse sequences—a process
which greatly increases raw data volumes.

The only way all of these data will ever be processed is
by extending the technology of specialized devices exem-
plified by the array processor.

I visualize the processor of 1985 built around a gigabyte
high-speed memory with multiple access modes. Only a
handful of algorithms will have to be applied to the data.
The processor will have hundreds or perhaps thousands of
identical single-chip microprocessors to execute each of the
required algorithms. The micros will be used in a combina-
tion of parallel and pipeline modes so that all are operating
simultaneously. All of this activity will be under control of
a relatively small CPU which can handle traffic control and
the calculation of processing parameters.

In operation all or a sizable chunk of the raw-data matrix
will be read into main memory from the compact storage
medium on which they were recorded in the field. A succes-
sion of operators will be passed through the matrix in various
directions and various orders by directing sequences of data
from memory through the micros.

Technology visible today can make the whole project fea-
sible; and as Jules Verne has so aptly said, ‘‘What one man
can imagine another man can do.”
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INTRODUCTION

The energy crisis has created increased interest in petroleum

_exploration. Discoveries of major deposits are increasingly
rare and difficult to locate. The geophysicist requires more

accurate knowledge to assist him in locating deeper and

smaller hydrocarbon deposits. While gravity, magnetic, and

electrical methods are also used, the predominant explora-

tion tool is the seismic method and provides a wealth of

subsurface information. Geophysicists continue to increase

their seismic proficiency by using such things as modeling.

The concern of this paper is the ability to model the

seismic response of a known subsurface. The practicality

and usefulness of a modeling technique is determined by
how accurately, routinely, and economically it may be used
to simulate realistic cases. Modeling techniques, such as
numerical solutions to the wave equation and ray tracing,
are possible and offer distinct advantages and disadvantages.
The method presented in this paper is a numerical solution
to the wave equation obtained by finite difference tech-
niques.

A brief background in seismic methods and theory is pre-
sented. The numerical modeling technique is described, and
a typical example is given. Also discussed is a minicomputer
system which makes the method economically feasible for
routine use.

GEOPHYSICAL SEISMIC METHOD

The typical method of gathering seismic data is depicted
in Figure 1. At the site of interest, seismic wave transducers,
or seismometers, are coupled to the surface of the earth
along a line typically 10,000 feet in length. Individual seis-
mometers (actually arrays) are generally spaced about 100
feet apart and are monitored by a central recording station.
A seismic source, often an explosive charge buried beneath
the surface, generates seismic waves which travel through
the subsurface according to the principles of elastic wave
propagation. The direct wave and the many reflections from
the subsurface interfaces are digitally recorded at the surface
for several seconds. These records contain complex muitiple
reflections and ambient noise; they are later subjected to
digital processing in an attempt to remove these effects.

The records are often plotted as a seismogram as shown
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in Figure 2. Here the abscissa represents the horizontal
position of the semismometers and the ordinate represents
time. Time increases downward and is equal to zero at
source initiation. The contribution to the plot from a single
seismometer is highlighted. It is informative to notice the
reason for this orientation of the display. It is a first attempt
at inferring the geological structure from the recorded time
response. A sense of horizontal position is somewhat pre-
served while the time ordinate is related to the geological
depth.

Ideally, one would like to directly generate a picture of
the subsurface geology from the recorded surface data. This
would be referred to as the inverse problem. Unfortunately
at this time it is only possible to deduce the structure, in-
directly, after an involved sequence of digital processing,
followed by extensive human interpretation. Mathematical
modeling can be extremely helpful during the interpretation
and processing steps. ,

While the microscopic composition and porosity of the
rocks is important, we are concerned only with their mac-
roscopic effects upon seismic wave propagation. The earth’s
subsurface, for our purposes, may. be divided into homo-
geneous regions characterized by constant velocity and den-
sity values. This defines the subsurface in terms of the
parameters in the wave equation. The variation of these
parameters at the interfaces between regions gives rise to
reflections, refractions, and other wave phenomena.

FINITE DIFFERENCE METHOD

Given a governing equation for seismic wave propagation,
it is possible to numerically approximate its solution by finite
difference techniques. Although the elastic wave equation
governs seismic wave propagation, the simpler acoustic wave
equation provides useful and practical results and will be
considered here. The same approach has been applied to the
elastic equation.!

The two-dimensional acoustic wave equation to be con-

sidered is
3 (13 8 (13
2] — | — — —_ - =
Py [ax(a ax U) * az(paz U)]

where v(x,z) is velocity, p{(x,z) is density, U is the acoustic
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pressure, tis time, and x and z are horizontal and vertical
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Figure 1—Seismic exploration method

position, respectively. Interfaces are automatically ac-
counted for since velocity and density variations are in-
cluded in the equation.

The majority of the calculations occur in regions with
constant density, where equation (1) simplifies to

3% 02 9%
vz[ﬁU-FE?U]:WU' ?2)

For simplicity, attention will be limited to equation (2).
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Figure 2—Synthetic seismogram

Using standard finite difference methods,? equation (2)
may be approximated by

Ux,z,t+At)=(1-2p*)U(x,z,t)
+pHU(x+h,z,t)+ U(x—h,z,t)
+ U(x,z+ h,t)+ U(x,z— h,t)}
— U(x,z,t—At), 3)

where p(x,z)=

v(x,z)At

h 2
where At is the time increment and /4 is the spatial grid
interval.

This finite difference scheme is one of many possible
approximations. Notice that it provides an explicit solution
for the acoustic pressure at a future time, z+A¢, in terms of
the pressure at the current time, ¢, the previous time, ¢—At,
and the geological paramters.

The geology to be modeled is represented by two-dimen-
sional arrays of velocity and density as shown in Figure 3
(h=Ax=Az). A uniform square grid is superimposed on the
model, and at each discrete grid point, values for the velocity
and density are assigned. The creation of these discrete
arrays describing complex geological structures is well
suited for interactive graphics programs.

Consider the ‘“‘molecule’” of data required for the calcu-
lation of the pressure field at a single point. The velocity
and density parameters do not vary as a function of time,
whereas the field value does. The algorithm may be visual-
ized as a single matrix of geological parameters superim-
posed on many multiple time planes of field values. Fortu-
nately for storage conservation, the algorithm requires that
only two successive time planes ever be present, since the
future value can replace the previous value in storage.

The accuracy of the algorithm is a function of the coarse-
ness of the grid. For our purposes, a minimum of ten grid
points per wavelength is usually sufficient.® There is also an
upper limit imposed upon the time step to maintain the
stability of the algorithm. '
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Figure 3—Geological parameters in discrete space superimposed upon
multiple time planes of the wave field
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Figure 4—Geological model

MODELING APPLICATION

Figure 4 depicts the two-dimensional geological cross sec-
tion of a model. The small semicircular shaped region near
the center represents a gas reservoir. A synthetic seismic
response is desired in order to better understand how such
a deposit would be observed in the presence of the other
geology.

The model extends 14,000 feet horizontally and 10,000
feet vertically, which for a grid point spacing of 25 ft, results
in 560 grid points horizontally and 400 grid points vertically.
The response is generated for 2500 milliseconds to assure
that reflections from the depth of interest are obtained. This
requires about 2000 time steps. The time variation of the
source is represented by the second derivative of a Gaus-
sian,® with an upper-half-power frequency of 30 Hz, which
is similar to that generated by an explosive charge in the
field.

Figure 2 is a plot of the synthetic time section obtained
by recording the numerical values at the surface of the
model. This corresponds to what the seismometers would
record in the field. The first event to arrive at the surface is
the direct wave from the source. Next is the reflection from
the first interface, followed by many additional primary and
multiple reflections. Although the geological model is rela-
tively simple, the time section is complex and contains many
refraction, reflection, and diffraction events. In practice, the
responses for a large number of source locations are com-
bined through an involved processing sequence, to create a
more easily interpretable seismic section. An example of
such a process, applied to a collection of synthetic seismo-
grams for differing source locations, is shown in Figure 5.
This synthetic section now more closely resembles the
model geometry, and the lower boundary of the gas reservoir
is readily identifiable as indicated on the display. Processing
and interpretation of synthetic data sets simulating the actual
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Figure 5—Composite of multiple seismograms after processing

field procedure provides an opportunity to develop and test
ideas in a controlled, known, noise-free environment.

An added bonus of this modeling method is ‘‘snapshots,’’
shown in Figure 6. A snapshot is a plot of the entire wave
field at a single time plane. The geological structure has
been superimposed on the display to assist the interpreta-
tion. The snapshots are resampled by four to one to conserve
storage, thus causing the structure to appear coarse.

Snapshots can improve our understanding of seismic wave
phenomena, since individual waves can be followed as they
propagate through the media. A movie of seismic wave
propagation has been produced using closely spaced snap-
shot sequences.

The finite differences technique is a very useful and flex-
ible method for seismic modeling. Models of arbitrary geo-
logical complexity require no unusual considerations and
seismograms may be generated routinely. The synthetic re-
sponse provides realistic waveforms with accurate arrival
times and amplitudes. The response includes diffraction
events and, if desired, the method can be applied to the
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Figure 6—Snapshot sequence with structure superimposed

elastic case to study shear wave events and other elastic
phenomena. The flexibility of the method allows source and
receiver locations to be easily varied, permitting complex
arrays and non-standard acquisition techniques to be simu-
lated.

DEDICATED MINICOMPUTER SYSTEM

The computational burden imposed by this modeling
method is tremendous. Seismic models ranging in size from
400 to 800 grid points horizontally and vertically are desir-
able. This results in 160,000 to 640,000 grid points per model.
Each geological point modeled requires from 10 to 20 bytes
of computer storage. Typically the solution at 1500 to 3000
time planes must be computed. Even though a maximum of
two successive time planes are needed, this requires large
quantities of storage. If sufficient local memory is not avail-
able, computations may be performed on model segments
rolled in and out from mass storage peripherals.

Early finite difference modeling was performed on large
general purpose computers using standard FORTRAN pro-
grams. It was considered economically impractical to rou-
tinely submit models larger than 100 by 100 grid points on
such a system. Minicomputers were considered as an alter-
native processing system.

The dominant factor in the computational speed is the
large number of wave field calculations required. Calcula-
tions are performed in single precision floating point arith-
metic. Figure 7 compares the floating point multiply and add

INTERDATA * |
8/32 + ]
IBM * |
370/158 + J
FPS
AP-1208 *
ARRAY PROCESSOR  +
DATAWEST
REAL TIME III *
ARRAY PROCESSOR  +
1 1 1 | 1 1 ]

0 1.0 2.0 3.0
EXECUTION TIME IN »SEC

Figure 7—Multiple (*) and add (+) execution time for various floating point
processors

speed for memory to register instructions for a variety of
processors. The processors may be divided into three cat-
egories: large general purpose computers, minicomputers,
and array processors. The array processors considered here
are programmable devices that have their own local mem-
ory. They require a host computer and, therefore, are con-
sidered high speed computation extensions of the host.

A dedicated minicomputer system, with minimal memory
and peripheral devices, may achieve real time performance
comparable to a large general purpose computer for appli-
cations which are CPU bound, such as the one under con-
sideration. In view of the comparatively modest hardware
cost, the minicomputer system thus becomes economically
attractive for installations where high and continued usage
of the program is anticipated. The preceding modeling ex-
ample required approximately eight hours of minicomputer
CPU time (without an array processor) to create the syn-
thetic seismogram for a single shot location. This would
have been impractical on a large computer.

An Interdata 8/32 minicomputer was selected: it can ser-
vice any subordinate function required and is capable of
hosting an array processor, making available their powerful
resources. The hardware configuration used is shown in
Figure 8. The minicomputer has 32 bit architecture and
hardware implemented floating point instructions. It sup-
ports up to one megabyte of memory with a bandwidth
greater than six megabytes. Multiple selector channels allow
the peripherals high speed DMA (Direct-Memory-A ccess)
capabilities. This is important since high speed mass storage
discs are an integral part of our implementation. The op-
tional array processor also utilizes DMA extensively. A
multiplexor bus is available for other low-speed peripherals.

The speed of the main calculation loop is paramount to
overall performance. While the bulk of the program may be
written in FORTRAN, this loop must be carefully optimized
in assembly language. This is especially important with some
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Figure 8—Minicomputer hardware configuration

minicomputer FORTRAN compilers, which may not pro-
duce very efficient execution code. This relatively simple
improvement has yielded a 4-fold speed improvement. The
same idea applies if an array processor is used; it is more
efficient to program the algorithm directly on the array pro-
cessor, than to use standard vector multiply and add se-
quences. Not only may direct programming improve speed,
but it can also conserve expensive array processor local
memory.

The continuous flow of model segments from storage, to
memory, and back to storage again, is an integral part of the
processing. One must be acutely aware of operating system
overhead and I/O requirements for optimum performance.
The hardware configuration has two high speed mass storage
discs, each with an independent DMA selector channel. An
unbuffered disc file access method provides the most effi-
cient I/0. This allows input, output, and calculation of model
segments to proceed concurrently. This is considerably
faster and more efficient in real time than if each occurred
serially. The ability to do simultaneous I/O and calculations
emphasizes how the user may closely coordinate software

and hardware. By carefully controlling the disc random ac-
cesses, the calculations may be synchronized to the point of
transferring mode! segments on successive fractional rota-
tions of a high speed disc.

CONCLUSIONS

Seismic modeling using finite difference methods provides
the exploration geophysicist accurate synthetic results for
complicated geological structures. Modeling provides a
means of comparing synthetic results with field data. It
provides a fast, flexible, and economical laboratory for in-
vestigating new procedures and confirming old ideas. The
finite difference approach used here is but one of many
numerical variations possible, all of which merit further con-
sideration. This technique is not limited to geophysical ap-
plications, but is applicable to other areas of wave propa-
gation research.

Programs demanding heavy CPU computations for long
periods of time may not be justifiable on large general pur-
pose computers. Large time shared computers are designed
to obtain high usage levels through simultaneously and ef-
ficiently managing multiple tasks. Demanding programs,
such as finite difference modeling, utilize the CPU for long
periods of time which eliminates the need for sophisticated
multiple user management. Dedicated minicomputer sys-
tems may be more economical because the memory and
peripheral devices can be tailored to the specific application.
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Present and future applications of computer technology to

petroleum exploration

by R. A. TERNUS and A. S. HOFFMAN
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La Habra, California

INTRODUCTION

In this paper we will summarize the steps involved in ex-
ploring for oil and gas, review the role that computers play
today in exploration and discuss some of the roles that
computers may play in the future.

PETROLEUM EXPLORATION

The ultimate way in which oil and gas are discovered is
to drill into the ground. The objective of all prior steps in
the exploration process! is to identify where to drill to min-
imize the risk of drilling ‘‘dry”’ holes.

Generally exploration (Figure 1) begins with a regional
- geologic survey. This is done to locate geologic basins con-
taining sedimentary rocks, and to extract information from
surface geologic features and rock samples about the types
of sedimentary rocks and their depositional environments.
Such information can suggest where oil and gas may have
been generated and is trapped in reservoirs.

The second step may consist of gravity and magnetic

surveys. These determine the regional variations in the
thickness of the sedimentary rocks and locate subsurface
structures such as faults and salt domes, which often help
to form traps for hydrocarbons.

Gravity prospecting involves measuring local fluctuations
in the earth’s gravity field, then correcting these for latitude,
elevation, topography, and earth tides. The resulting gravity
maps can be useful in determining subsurface geological
features marked by changing rock density.

Magnetic prospecting, which measures local fluctuations
in the earth’s field, is more complex and erratic than gravity
measurements. However, the magnetic measurements are
simpler and cheaper to make, require only minimal correc-
tions, and are more diagnostic of mineral distribution.

The third step consists of reflection seismic surveys, some
of which may be long regional lines used to better define the
sedimentary basin. Others are laid out on more finely-spaced
grids—to obtain detailed information in specific areas. From
these one can determine the specific locations of possible
hydrocarbon traps and, in some cases, the actual presence
of hydrocarbons.

The basic principles (Figure 2) of the seismic reflection
method? are rather straightforward. A controlled source of

Figure 1—The exploration process
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Figure 8—Typical processing flow

acoustic energy at or near the earth’s surface propagates
energy into the subsurface. The reflected energy from geo-
logic strata is sensed by arrays of seismic detectors at the
earth’s surface (or in the sea, slightly below the surface).

Correlating the resulting subsurface reflectivity maps with
a knowledge of geologic structure and rock properties allows
the interpreter to delineate a three-dimensional geologic
model of the subsurface. The basic acquisition objective of
the seismic technique is to maximize the contribution from
compressional waves reflected from the depths of interest
and to minimize that from surface waves and ambient noise.

CURRENT USE OF COMPUTERS

Computers are used extensively today in all phases of
exploration, with the possible exception of the initial re-
gional geologic surveys. They are used to filter the gravity
and magnetic data, make various geometric-type correc-
tions, and assist in interpreting the data (Figures 3 and 4).
The latter is often accomplished by constructing mathemat-
ical models that describe the shapes, densities, and/or mag-
netic susceptibilities of various parts of the subsurface. The

- implied gravity and magnetic fields for these models are
calculated and compared to measured fields. The mathe-
matical models are then adjusted to obtain suitable matches
between implied and actual fields. The final model (Figure
5) provides an interpretation of the data.

However, the most widespread use of computers in ex-
ploration is in the seismic reflection method. There is a
ubiquitous presence of various types of data-processing sys-
tems, including data acquisition in the field, ‘‘number-
crunching’’ data processing and reduction, and the often-
interactive interpretive phase (Figure 6).

The data acquisition stage (Figure 7) involves several
thousand individual detectors connected in 100 or so sepa-
rate recording channels. Each channel is sampled at up to
1000 times per second, usually over the 4-6 seconds of useful
reflection time for a single seismic source event. Depending
on whether the acoustic source is below or on the surface,
from about a hundred to several thousand such events can
be initiated each day and either recorded or partly
‘‘stacked”’ in the field and then recorded.

The objective in the processing stage®* is to enhance the
desired signal at the expense of the noise, to make geometric
corrections to the data as well as to extract desired param-
eter values. A typical processing flow (Figure 8) might be as
follows: magnetic tapes containing the field data are played
back in the processing center, and the data is sorted and
properly formatted for processing. Traces, having either ex-
cessive noise or neither noise nor data (i.e., dead traces) are
edited out or flagged so that they do not interfere with future
processing. .

Next, the data may be filtered to remove noisy parts of
the frequency spectrum that contain little or no signal. Static
adjustments (time shifts) are calculated and applied to each
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Figure 10—Common depth point stacking

trace, to compensate for variations in shot and receiver
elevation and in the thicknesses of shallow, low-velocity
sediments. The velocities in the subsurface are estimated by
examining the different arrival times of reflections associ-
ated with different shot-receiver offset distances (Figuare 9)
but the same reflection point in the subsurface. Deconvo-
lution—a filtering type of operation that serves to ‘‘whiten”’
the remaining part of the spectrum—is normally applied.
This improves the resolution between closely spaced events.
Finally, all traces having the same common depth point
(Figure 10) may be summed to create a final stacked section.
At various points in this processing stream, special tech-
niques may be employed to enhance the coherent signals
and to reduce multiple reflections.

Computers are also used to interpret seismic data in a
manner analogous to that described previously for gravity
and magnetics data.

As the data is collected and interpreted, maps and seismic
cross sections are constructed (Figures 11 and 12) showing

the configurations of the sedimentary rock layers (beds) and
possible locations for trapped hydrocarbons. Interactive
graphics terminals are often used so the interpreter can work
with the computer in the construction of these maps.

After these initial steps a well (or wells) may be drilled.
Whether or not hydrocarbons are found in the drilling, data
about the rocks and their pore fluids are incorporated with
the previously obtained data, to refine the interpretations
and maps and identify additional drilling locations.

FUTURE USE OF COMPUTERS

In the future the use of computers will continue to expand
in the roles of processing and interpretation. Processing

_algorithms often are built around simplifying approxima-

tions, made to hold down computer processing time. As
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Figure 12—Seismic section showing possible oil traps

computers become more powerful, some of the approxi-
mations can be eliminated, so we can improve our process-
ing capabilities and thereby extract useful information from
data which now yield little or none. In addition, we will be
more finely sampling the seismic data. This will improve
resolution, accuracy, and sensitivity in our interpretations
of the subsurface by increasing the bandwidth of the data.

While much of this processing is done on large general-
purpose computers, we have, over the last few years, begun
to make more use of special-purpose computers, such as
programmable array processors, and this trend is certain to
continue. The use of interactive graphics is still in its in-
fancy, and we will see considerable growth in the use of this
type of computer aid. Consider, for example, the problem
of reordering seismic data. Some of the processes mentioned
above operate on one trace at a time. Others need all of the
traces originating from a single shot. Still others need all of
the traces having a common depth point; that is, those hav-
ing the same midpoint between their respective shots and
receivers. As we work with more traces, because of the
need for higher redundancy, we will need a ‘‘black box’
that can rapidly reorder the data prior to the individual
processing steps.

Preprocessing during data collection will also require more
special-purpose systems. Consider the current limitations of
some of our data collection procedures. In a normal seismic
survey, multiple (10-100) sensors, i.e., geophones or hydro-
phones, are connected to collect the data for a single trace.
This increases the signal-to-noise ratio at the output of the
sensor group over that available from the individual sensors

and reduces (by spatial filtering) the effect of unwanted
energy propagating along the surface. However, this type of
configuration has limitations, particularly in recording higher
frequency seismic data. In the last few years, we have been
going in the direction of recording more groups, so that the
length of each can be reduced.

Ultimately we may record each sensor individually. How-
ever, this leads to the collection of large volumes of data
that must be transported back to the processing center and
put through on the computer. This method may be limited
to areas requiring the highest data quality obtainable.

In the next five years one can project data acquisition
rates up to 40 MBits/sec, requiring a storage capacity per
record (i.e., a single seismic event for a deep source, or
twenty or so coherent events for a surface source) of 350-
500 MBits. For normal crew operations, this would require
a storage capacity of from 10-350 GBits/day’s operation.
Obviously we will need either a mass storage mechanism in
the field, or more processing before recording, or possibly
both.

In order to obtain many of the benefits of recording each
sensor individually, we will probably go in the direction of
preprocessing at the group level in the field (Figure 13)
rather than in the processing center. The rapid growth of the
computer hardware technology is well-known, particularly
the increasing capabilities of micro-processors and the in-
creased density of memory chips. It is reasonable to expect
that within the next few years we will develop the hardware
and software algorithms necessary to perform differential
dynamic corrections, differential static corrections, and
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Figure 13—Group level preprocessing

waveform variation adjustments on the output signals from
the individual sensors. We can then sum these signals in the
field to obtain the equivalent of today’s sensor group output.

In summary, computers are used extensively to assist in
the exploration for oil and gas. Future processing and inter-
pretation requirements will put greater demands on our use
of computer technology, and we will have to use innovative
approaches in order to solve these problems.
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Remote sensing and image processing in earth resources

THE EARTH RESOURCES SITUATION

Population growth and demands for higher standards of living are creating
pressures which affect all aspects of our society. The global population, currently
near 3900 million, is growing at a rate of 75-80 million/year.

Coupled with population growth, and magnifying the effect, are rising demands
for a more equitable sharing of the products and benefits of technology. The
products and benefits derive from the consumption of natural resources. As
societies develop and technological advancement begins, individual demands
increase resulting in a more rapid rate of consumption of resources. Information
is necessary to enable prudent decisions regarding the management of resources.
But understanding alone will not lead to solutions on a long-term basis. Knowl-
edge must be current, necessitating continuing inputs of fresh information. The
most practical and economical manner of acquiring repetitive global, Earth Re-
sources information is by means of a satellite-based remote sensing system.

Key to the utilization of the data is the ability to register the data to the ground,
to previous images, and to data derived from other sources, and then to perform
analysis. These together comprise the area of image processing.

IMAGE PROCESSING

The area as a whole will be covered by four sessions. They will be planned to
lead persons not knowledgeable in image processing into the subject, with primary
emphasis on image processing for remote sensing of the Earth. This area of
application is selected because of its growing importance in the maintenance of
our quality of life and the growing need for monitoring of the Earth’s resources.
The four sessions taken together will have some aspects of a short-short course,
in that they will briefly introduce the remote sensing problem and the .character-
istics of images (Session I), discuss image-specialized computer techniques and
programming considerations (Session II), then considerations of image processing
system design and digital image based information systems (Session III). Session
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1V is planned to be a panel, with presentations of future satellite and data plans
and data characteristics. This is planned as a panel to allow rebuttals and dis-
cussions of these future plans and their implications to the computer world.

This format has been selected to provide cohesive treatment of the subject,
with the thought that many computer people who have not been involved in it
will become involved in the future as the popularity of digital image processing
and analysis grows. This growth is expected based on the widespread use of the
digital data to date, far beyond the early NASA expectations, and the NASA
plans to provide much improved digital data in the future.

Applications have been discussed in other contexts extensively. The discus-
sions here will lay the groundwork, but then concentrate on the implications to
the computer world. These implications will include data timeliness, effects of
various processes such as the necessary geometric registration on the utility of
the data as seen during the subsequent analyses, and the user needs for interaction
and data display.

In the applications world, images are getting larger, for example, up to
6000 6000 multiband elements for future Landsat. Data storage, dissemination,
and processing are all going to be a problem, especially to the small or medium
user. At the same time, the analyses being attempted are becoming more sophis-
ticated. There is a need for image descriptive and image processing languages
which will provide improved tools for the analyst. They must be flexible, efficient,
and easy to use. New data dependent adaptive techniques are being devised.

The required image analysis cannot exist in a vacuum. Efficient systems must
be provided. Three types are needed: (1) Large pipe-line systems for handling
large quantities of data routinely and quickly; (2) Flexible, modular systems for
research and/or interactive analysis; (3) Geographically oriented systems for use
with/as geocoded data bases. These all have features in common: need for effi-
ciency, need to retrieve and handle large multiple data sets (the images), possible
need for interactive analysis and refreshed image displays. The latter two also
have the need to be easily modularly expanded and updated. The geocoded
systems must be able to input and output data in tabular and polygon form as
well as imagery, and be able to use all together.



Information requirements for natural resource inventories

by WILLIAM J. BONNER

Bureau of Land Management
Denver, Colorado

INTRODUCTION
Background

The Bureau of Land Management (BLLM) administers the
natural resources on 191 million hectares of public lands in
eleven* contiguous western states and Alaska. In addition
BLM has management responsibility for 25 million hectares
of publicly owned mineral resources on privately owned
lands. Added to this is the management responsibility on
approximately 500 million hectares of Quter Counter Shelf
(OCS) lands.

The basic task of BLM is to manage all resources found
on these lands to provide maximum public benefit and full
consideration for good conservation practices. This includes
the dedication to carrying out whatever programs are re-
quired to insure that the stewardship of the public lands and
their resources leads to the optimum planned use for the
long range public good. These programs include activities in
domestic livestock grazing, fish and wildlife ecology and
habitat development, outdoor recreation, timber production,
watershed protection, wilderness preservation, minerals de-
velopment, environment protection, river basin planning,
and general land use classification under the concept of
multiple use. Resource management and development activ-
ities are supported by various programs which provide for
roads, trails, and physical improvements such as recrea-
tional facilities; and by an active program to protect the
public lands and their resources from wild fires and from all
forms of public and private misuse.

To carry out these programs BLM must collect and handle
large quantities of resource inventory information. Further
the fiscal and manpower resources which must be committed
to gathering this information is staggering. This is due to (1)
the increasing public awareness of the importance of wild-
lands as a national resource, and (2) the increasing need for
documentation of the bases of management actions, includ-
ing baseline resource conditions, trends, plans, and énviron-
mental analysis of proposed actions. For example, a large
fraction of the vital energy resources (coal, oil, oil shale) of
the nation underlie the public lands; the development of

* Arizona, California, Colorado, Idaho, Montana, Nevada, New Mexico,
Oregon, Utah, Washington and Wyoming
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these resources in a manner consistent with national inter-
ests requires timely, accurate, and comprehensive resource
inventory information.

In October 1976, the 94th Congress passed Public Law
94-579. The purpose of this Act is to establish public land
policy; to establish guidelines for its administration; and to
provide for the management protection, and enhancement
of the public lands. In addition this Act which is known as
the ‘‘Federal Land Policy and Management Act of 1976
charges the Secretary of the Interior with the following re-
sponsibility.*

““The Secretary shall prepare and maintain on a continuing
basis an inventory of all public lands and their resource
and other values (including but not limited to, outdoor
recreation and scenic values), giving priority to areas of
critical environmental concern. This inventory shall be
kept current so as to reflect changes in conditions and to
identify new and emerging resource and other values. The
preparation and maintenance of such inventory or the
identification of such areas shall not of itself, change or
prevent change of the management or use of public
lands.”

Thus Public Law 94-579 coupled with existing requirements
causes BLM to reassess its traditional methodologies for the
collection of resource inventory information.

Remote sensing in resource management

BLM is involved in a program with the National Aero-
nautics and Space Administration (NASA) and EROS Data
Center (EDC) to evaluate remote sensing technology. The
purpose of this evaluation is to determine the feasibility of
performing resource inventory via remote sensing on an
operational basis.

Management of the public lands under the concept of
multiple use requires consideration of several resources.
The BLM system identifies these resources as: range, for-
estry, wildlife, recreation, watershed, minerals, and lands.
The common denominator of these resources is vegetation

* Public Law 94-579, Title II Section 201(a), 43 USC 1711, October 21, 1976
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and for that reason BLM has selected the broad area of
Wildland Vegetation as the theme for this program. The
overall program objective is to test and implement a remote
sensing based inventory system for wildland vegetation re-
sources on an operational basis within BLM. It is planned
to operationally implement the techniques developed during
this project.

Agency roles

The Wildland Vegetation Resource Inventory Project is
a joint effort between the three previously mentioned organ-
izations. The BLM has overall management authority in
the program and works closely with NASA and EROS to
insure that project schedules and milestones are met and
that program activities are successfully accomplished. In
addition to this management function the BLM assumes the
following responsibilities:

(1) Coordinate and document user activities within BLM.

(2) Perform cost analysis studies.

(3) Acquire large scale photography.

(4) Specify and evaluate output products.

(5) Implement training programs in remote sensing for
BLM personnel.

NASA, working in cooperation with BLM, is providing
the technical capability for the initial year of the program
through a contract with a commercial remote sensing firm.
As part of this contract NASA is obtaining data analysis,
documentation, and specialized training for BLM personnel.
In addition NASA is providing small and medium scale
photography to be used as supporting data in the digital
analysis processes.

EROS through EDC provides specialized facilities and
equipment as well as technical support for key project ac-
tivities. In addition EDC is collaborating with BLM on de-
velopment and implementation of a BLM wide remote sens-
ing training program.

The overall concept of NASA and EROS involvement is
to transfer remote sensing technology to BLM. To achieve
this goal a plan has been developed in which BLM rapidly
assimilates the technology in house and assumes prime re-
sponsibility for performance of the project tasks. At the end
of the program BLM will have an operational program in
remote sensing and be independently capable of performing
all activities required for wildland vegetation resource in-
ventory.

TEST SITES

In selecting test sites for this program a number of factors
were considered. It was desired to have test sites with a
variety of vegetation. In addition test sites were to be rep-
resentative of the public lands which BLM administers. The

size of the test site was scoped at approximately one million
hectares; a size judged sufficient to constitute a legitimate
test of the technology but not so large as to require more
than one project year to complete. The final criterion for test
site selection was the presence of timber in sufficient volume
to conduct a meaningful test of multistage sampling tech-
nology. Using these guidelines the BLM selected test sites
in Alaska, Arizona and Idaho.

Alaska test site

The Alaska test site is located in the interior of Alaska
and encompasses approximately one million hectares. The
northern boundary of the site is roughly the foothills of the
Alaska range. The southern boundary is defined by an east-
west line passing through the confluence of the Maclaren
and Susitna Rivers. The test site extends from the town of
Paxson on the east to Cantwell on the west. The Denali
Highway which is 135 miles in length transects the site. The
range of vegetation in the test site includes all vegetation
associations normally found in interior Alaska. Typical veg-
etation units are black spruce, alder, willow, and dwarf
birch. Tundra units include many varieties of lichens, moss
and grass. The test site is in an area which is known as the
““Denali,”” the Athabascan Indian name for Mt. McKinley,
meaning ‘‘The Big One.”” The Alaskan Test Site is typical
of the northern spruce-tundra biome.

Arizona test site

The Arizona test site is located in the extreme northwest
corner of the state of Arizona in the BLM Arizona Strip
District. The test site is approximately one million hectares
in size. It is bordered on the west and north by the states of
Nevada and Utah respectively. Its eastern boundary is range
line 6W and 7W and the Colorado River forms its southern
terminus. The test site is approximately 88 km southeast of
the town of St. George, Utah. The test site characterizes the
southwest desert community and includes vegetation types
common to that unit; such as, creosote, big sage, and black-
brush. In addition significant stands of pinyon-juniper and
ponderosa pine are found in the higher elevations.

Idaho test site :

The Idaho test site is in the southwest corner of the state
of Idaho and is also comprised of approximately one million
hectares. It is bordered on the north by the Snake River, on
the east by the Boise Meridian, on the west by the state of
Oregon and on the south by the state of Nevada. The test
site typifies the extensive sagebrush-grassland communities
of the inter mountain basins. Vegetation in the test site is
primarily grass and sage with some douglas fir and pinyon-
juniper stands in the higher elevations.
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RESOURCE INVENTORY REQUIREMENTS

Landsat data processing

BLM is utilizing an interactive digital image analysis sys-
tem for processing of Landsat data. This system is capable
of processing digitized multispectral scanner (MSS) data and
has a ‘“‘stand alone’’ image processing capability which pro-
vides a wide range of digital image processing techniques.
The system is configured to utilize a minicomputer and is
user interactive, with an interactive color display. The sys-
tem uses a maximum likelihood algorithm for Landsat clas-
sification. The hardware and software configurations are
readily expandable for maintaining the system at the state-
of-the-art and for meeting unique data requirements.

Preprocessing

BLM applies the following radiometric corrections to the
Landsat data. These corrections are applied as appropriate
depending upon the task to be accomplished. These radio-
metric corrections are: line drop, banding removal, noise
filtering, atmospheric path radiance, and sun angle.

In addition to the previously mentioned radiometric cor-
rections, the following geometric corrections are applied:
mirror scan velocity profile, detector sampling delay, pan-
oramic distortion, scan skew, earth rotation, spacecraft ve-
locity, perspective geometry, attitude, altitude, map projec-
tion, and adjustment to ground control. These corrections

are applied to obtain an accuracy consistent with the base

map.

Classification for vegetation

A maximum likelihood algorithm is preferred for the clas-
sification process. BLM uses unsupervised, supervised and
controlled clustering techniques for classification. Generally
speaking controlled clustering is the approach most com-
monly used in BLM, due to the spectral variability which is
found in wildland environments. Once the digital data has
been classified (in this case a final product is referred to) it
is desirable to apply a ‘‘smoothing’’ or ‘‘cleaning’’ algorithm
to reduce the ‘‘salt and pepper”’ effect of pixel by pixel
classification. In addition BLM has a requirement to ‘‘gen-
eralize” the classified data to provide representation of
cover types for each map scale required. The classified data
must also be quantified in terms of acreages for combina-
tions of vegetative communities and their characteristics.
These acreages must be compiled and tabulated for each
class by total area and/or jurisdictional unit.

Data must be environmentally stratified for such param-
eters as topography, elevation, precipitation, and ecotypes.
In addition administrative boundaries must be overlain on
the Landsat data to the accuracy of the base maps used in
the process. When appropriate BLM performs multidate
processing to obtain additional information and accuracy
from the classification process. Change detection is utilized

to map physical changes resulting from wildfire, mining op-
erations, and the like. It is also necessary to digitally mosaic
adjacent Landsat scenes in order to produce a composite
image of a study area.

Accuracy determination

In the past the evaluation of the viability of in place
vegetation type maps produced through discriminant anal-
ysis of digital data image processing technicians have been
inhibited by a lack of ‘‘a posteriori’’ verification. Verifica-
tion provides an index with respect to the utility of the
product. This verification must be a statistically valid eval-
uation of the accuracy of the classification and should be
accomplished through a systematic or random selection of
pixels from each class on the Landsat product. Pixels can
be compared to classifications based on photo interpreted
plots and ground samples to determine percent misclassified.
Areas to be examined in the verification process must be
chosen independently of the areas used in the classification
process. The sampling design for verification must account
for spatial errors due to pixel misregistration and the realities
of collecting photography and ground data for the verifica-
tion. The:following items are acquired by BLM in verifying
their classification products:

(1) A percentage accuracy of classification for each cover
type class, with a corresponding statistical confidence
statement for each percentage.

(2) A numerical summary for each cover type indicating
the kinds of classification errors (omission and com-
mission).

(3) A narrative indicating probable causes of misclassifi-
cation; e.g., spectral similarity, spatial resolution, and
phenological phenomena, etc.

(4) A definition of class names for cover types encoun-
tered in the classification process through species
composition determination.

(5) A statistical confidence statement for each area by
cover class determination. :

Enhancement for geology

BLM uses both standard and enhanced Landsat products
for the purpose of geologic interpretation. Enhanced prod-
ucts are produced using a variety of digital image processing
techniques; such as ratioing, contrast stretching, truncation,
fourier filtering, etc. Both environmental and geomorpho-
logic data are required. Examples of the parameters of sig-
nificance from our program in Alaska are as follows:

A. Environmental—structural geology
1. Active volcanoes
2. Geothermal hot spring areas
3. Active glaciers, with aerial extent and whether ad-
vancing or retreating
4. Active landslide areas and potential hazard areas
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. Large active snowslide areas

. Severe erosion areas—classify genetically

. Lineaments interpreted to be of geologic, tectonic
significance

8. Geologic structures

~N O\ W

B. Geomorphologic
1. Morainal features, classified as lateral or terminal
2. Qutwash plains, classified as well-drained or
poorly drained
3. Eskers
4. Alluvium, classified as silt and clay, gravel, or
unsorted
5. Beach deposits
6. Igneous features, which produce a significant
landform such as dikes, intrusive igneous struc-
tures with a topographic expression, volcanic
cones, calderas, lava flows, etc.
. Karst topography
. Permafrost and nonpermafrost areas
. Active strip mining areas
. Bedrock geology—identify and map those remote
sensing units which coincide with conventional
geologic mapping units, i.e., formations, mem-
bers.

—
S \O 00

Multistage sampling

Statistical sampling schemes, using multistage variable
probability sampling for areal estimate of timber volume and
rangeland productivity, are being used in this program in
Arizona and Idaho. A Landsat digital classification is used
as the stratification and small, medium, and large scale pho-
tography are used as necessary with supplemental ground
work. The BLM program attempts to address rangelands,
forest lands, and woodlands.

Rangelands

. For each Landsat classified rangeland vegetation type the

following parameters are estimated: ground cover, species
composition, vegetation condition, forage production, and
grazing carrying capacity. Statistics are aggregated by pas-
tures and allotment.

Forest lands and woodlands

For each forest stand identified in the stratification proc-
ess the following parameters are estimated: size and age
class, areal extent, volume, mortality. Statistics are aggre-
gated for each stand.* These same parameters are estimated

* A stand is an aggregation of trees or other growth occupying a specific area
and sufficiently uniform in species composition, age, arrangement, and con-
dition as to be distinguishable from the forest or other growth on adjacent
areas.

Level I Level 11 Level III Level IV

Forest Conifer Dense Conifer White Spruce
Black Spruce
Black/White Spruce
White Spruce
Black Spruce

Black/White Spruce

Open Conifer

Deciduous Dense Deciduous Aspen
Birch
Aspen/Birch
Cottonwood
Sparse Deciduous Aspen
Birch
Aspen/Birch
Cottonwood
Birch/Spruce
Aspen/Spruce
Cottonwood/Spruce
Spruce/Birch
Spruce/Aspen
Spruce/Cottonwood

Mixed Forest Deciduous Mix

Coniferous Mix

Figure 1—Example of provisional classification framework for Alaskan
vegetation

for woodlands but since the concept of a stand for wood-
lands is not well defined, aggregation is by allotment.

Classification Framework and Platforms

For this project BLM has developed classification frame-
works for use with remote sensor data. The classification
system developed is suitable for use with data from both
satellite and aircraft. Figures 1 and 2 are examples of the
Provisional Classification framework for Alaska and Arizona
respectively. Using. Anderson (1976) the multilevel classifi-
cation system indicates the fact that different sensors pro-
vide data at a range of resolutions dependent upon altitude
and scale. In general, the following relations are reasonable:
Level I—Landsat, Level II—High altitude aircraft, Level
III—Medium altitude aircraft, Level IV—Low altitude air-
craft. It is the goal of BLM to develop guidelines, based
upon the foregoing, which indicate the scales and levels of
data suitable for given management requirements. BLM is
also attempting to push the different levels of data, such as
Landsat, to its maximum extent hoping to obtain good eval-
uations of the satellite as a mixed level I, III,and I'V sensor.
Figure 3 illustrates vegetation classification level versus
scale and source of data.

Level 1 Level II Level IIT Level IV

Woodland/Brushland Woodland Juniper - Pinyon Juniper

Pinyon

Juniper - Pinyon
Pinyon - Juniper
Manzanita

Brushiand Mountain Chapparal

Oakbrush

Riparian Cottonwood

Tamarix

Mixed Chapparal

Live - Oak - Gambel's Oak
Mixed Oak

Cottonwood

Cottonwood - Salit Cedar
Cottonwood - Willow

Salt Cedar

Salt Cedar - Cottonwood
Salt Cedar - Willow

Figure 2—Example of provisional classification framework for Arizona vegetatio:
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Class Example Scale Source

1 Tundra 1:250,000 Landsat
11 Dry Tundra 1:120,000

111 Closed Mat and 1:30,000
Cushion

High Altitude Photography

Medium Altitude Photography

v Dryas Meadow 1:6,000 Low Altitude Photography

Figure 3—Classification level versus data source

OUTPUT PRODUCT REQUIREMENTS

A requirement exists for a variety of output products.
Color coded classified maps adjusted to a Universal Trans-
verse Mercator (UTM) projection are required. These maps
are to a scale of 1:250,000 and are aggregated in eight or 32
hectare units as required. Polygon maps showing vegetation
as sets of closed polygons are also used. Polygon maps are
typically aggregated in eight hectare units. Another product
which BLM has found to be beneficial is the line printer
map which is typically at a scale of 1:24,000. In this product
the aggregations are dependent upon print character size.
Other products which are obtained from Landsat data are:
geologic maps showing environmental, structural and geo-
morphological data; surface water maps showing clear and
sediment laden water; fire hazard maps showing vegetation
types and spread rates.

SUMMARY

BLM is responsible for the multiple use management of the
public lands. Public Law requires that a continuing and

current inventory be maintained on the public lands and
their resource values. In order to meet the requirements of
law, as well as to insure that the stewardship of the public
lands and their resources leads to the optimum planned use
consistent with the long range public good, BLM is evalu-
ating remote sensing as an operational tool for resource
inventory.

The remote sensing program and its attendant activities de-
scribed in this paper attempt to define methodologies to
acquire quality resource inventory data. Vegetation units
are mapped, acreages are compiled. Multistage sampling
techniques are used to estimate timber volume and standing
forage. Change detection methodology is used to map phys-
ical change from wildfire and mining activities. Geologic
maps are produced from sophisticated image processing
techniques. All of the resultant data are verified using sta-
tistically valid processes. Products are evaluated and inter-
preted by qualified resource specialists who have also re-
ceived intensive training in remote sensing. The result is the
development within BLM of information requirement guide-
lines defining platform levels (satellite; high, medium, or low
altitude aircraft) suitable for selected resource inventory
tasks.
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Digital image analysis techniques required
for natural resource inventories™

by WAYNE G. ROHDE

EROS Data Center
Sioux Falls, South Dakota

INTRODUCTION

Landsats-1 and -2 have provided Earth resource scientists
the opportunity to acquire multispectral data repetitively
over large regions. These data are being used to monitor
change in Earth resources, map resources over extensive
regions, and inventory specific resource parameters. Appli-
cation of these data to resource management problems ne-
cessitates development of interpretive methodologies that
allow quick, consistent, and accurate extraction of pertinent
information. In the 1960°s, considerable effort was placed
on developing digital and analog multispectral processing

capabilities. Most of the capabilities were developed through

research with aircraft multispectral scanner data. Many ini-
tial image processing capabilities were developed on sys-
tems that provided little flexibility to the analyst, were dif-
ficult to use, and required considerable computer time to
complete an analysis. However, these capabilities and the
availability of Landsat data has provided the impetus for
engineering and development of new, improved, low-cost
image analysis systems.'™8 The trend has been toward more
interactive systems that provide users greater flexibility in
analyzing multispectral data more rapidly than previously
possible.

Evaluation of digital image analysis of Landsat multispec-
tral scanner (MSS) data for mapping and inventorying nat-
ural resources have been made.® *® These studies and others
have led to the development of image analysis techniques
that are useful in resource inventory and mapping programs.
The purpose of this paper is to discuss analysis techniques
that are commonly required for successful application of
Landsat MSS data to natural resource inventories.

IMAGE PROCESSING
Radiometric corrections

Landsat MSS data are characterized by several types of
radiometric anomalies including bad data lines and points,

* Some of the original figures in this paper were in color. Color figures can
be obtained from the author.
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radiometric striping, and atmospheric scattering effects.
Corrections or normalization procedures must be used prior
to image classification to minimize the effect of these
anomalies on the interpretation and analysis of Landsat data.

Bad data lines, line segments or pixel dropouts are often
referred to as intermittent striping problems. Two tech-
niques are commonly used to insert new data in place of bad
data. One technique is to replace the bad data line with the
preceding line. A second technique is to replace the bad
data by interpolating between the brightness values from the
pixels in the line before and after the bad data line (Table I).
Although the difference between the two techniques seem
slight, the latter tends to provide a more accurate represen-
tation of the correct brightness value.

Radiometric striping is characterized by variations in film
density that should be uniform but often appear as system-
atic light or dark lines across an image (Figure 1). Radio-
metric striping introduces anomalous variations in the spec-
tral signatures of resource cover types and will influence
classification performance because of, (1) high variances, or
(2) lack of adequate training data to characterize signatures
of picture elements occurring in lines with striping. This
striping is caused by unequal response of the detectors in
the MSS to incident electromagnetic energy.

The Landsat MSS consists of six detectors for each of
four spectral bands, a total of 24 detectors. Each of these
detectors has a slightly different response to the incident
electromagnetic radiation (EMR) falling upon it, thus, for
the same intensity of EMR, a slightly different output volt-
age. Specifically, the detectors have different gains and off-
sets (Figure 2). To provide a uniform response, the six
detectors of each band must be calibrated to a known source
and corrections applied so that the output of each detector
is the same for the same value of incident EMR over the
entire useful range of the detectors. Removal of residual
differences after calibration constants have been applied is
called ‘‘destriping.”’

Several techniques are available to minimize effects of
striping. One technique, histogram normalization, calculates
the mean brightness value for each detector in each band
(Figure 3). A normalization factor is calculated by ratioing
the maximum mean to the mean of each detector. The nor-
malization factor for each detector is then multiplied by the
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Figure 1—Part of a Landsat color composite from scene 5470-19560 acquired on August 1, 1976 over Cantwell, Alaska. Radiometric striping is characterized
by horizontal lines across the image (see arrow). This image has not been geometrically corrected.

brightness value of each pixel recorded by the detector and
the pixel is assigned a new brightness value. Figure 4 shows

the same image as Figure 1 after destriping has been per-

formed. Although this technique minimizes striping, residual
striping, caused by localized radiometric anomalies, are
sometimes found in the data. Other approaches to minimize
striping effects in Landsat data are described in Reference
16. )

Geometric rectification

Landsat digital data have inherent geometric errors that
must be corrected if the data are to be correctly displayed
on film, map overlays, or registered to some geographic
reference system. The geometric errors can be either sys-
tematic and predictable or variable and measurable.” Geo-
metric errors that are systematic and predictable can be



Digital Image Analysis Techniques 95

TABLE I.—Brightness values for each of 12 pixels in 15 consecutive scan
lines. Line 8, typical of a bad data line, has pixels with brightness values
considerably higher than pixels from adjacent scan lines. The bad data line
can be corrected by replacing the data with values from corresponding pixels
in the preceding line or by interpolating between brightness values from the
pixels in the line before and after the bad data line.

PIXELS
1 2 3 4 5 6 7 8 9 10 11 12
1 20 20 19 19 19 20 22 24 24 22 22 20
2 20 29 20 19 20 20 21 25 24 24 27 28
3 20 19 19 20 19 19 22 23 28 28 23 28
4 20 20 19 20 20 21 21 21 26 29 27 26
5 20 19 20 25 25 24 23 23 23 25 29 26
g 6 19 19 19 20 26 26 26 24 22 22 22 27
£ 7 20 20 20 20 20 20 20 20 22 24 22 26
8 58 S8 S8 58 S8 63 63 S8 S8 S8 62 68
9 20 20 19 20 20 20 22 23 26 26 23 26
10 20 20 23 29 30 29 23 23 27 27 23 21
11 29 29 29 29 30 26 24 23 23 23 25 24
12 22 26 27 27 27 26 24 22 24 24 26 27
13 24 26 24 26 27 28 27 27 24 27 26 26
14 28 25 27 25 25 25 25 27 25 25 25 25
15 23 23 26 29 23 23 23 26 29 26 23 28
6
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==
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FOR 3 BAND 4 DETECTORS IMAGING
THE SAME LANDSCAPE CONDITIONS
Figure 2—Causes of radiometric striping in Landsat data

modeled and corrections applied to the data.”!” However,
errors caused by variations in spacecraft attitude and alti-
tude are not systematic or predictable. In natural resource
inventories, accurate location of sample plots or specific
resource features are required, thus, the non-systematic er-
rors must also be corrected.

When variable errors are in the data, the effect of the
errors can be determined by measuring the apparent dis-
placements of ground control points. Ground control points °
are features that can be located in an image and whose
geographic positions are known.

Once the displacement of control points is known, cor-
rection functions or mapping transformations are derived
and used to calculate coordinates and map pixels into their
correct spatial location on the corrected image. The cor-
rected location of a pixel seldom coincides with a pixel in
the distorted image, thus the distorted image must be resam-
pled to determine the brightness value of the pixel in the
corrected image. Three commonly used resampling tech-
niques are nearest neighbor, bi-linear interpolation, and
cubic convolution. In nearest neighbor resampling, a pixel
in the corrected image is assigned the brightness value of
the nearest pixel in the uncorrected image.

In bi-linear interpolation resampling, the brightness value
of a pixel in the corrected image is determined by interpo-
lating between brightness values of the four nearest pixels
in the uncorrected image. In cubic convolution resampling,
the brightness value of a pixel in the corrected image is
determined by interpolating between the brightness values
of 16 nearest pixels in the uncorrected image. More detailed
discussions of geometric correction and resampling tech-
niques are discussed in References 8 and 17 through 21.

In most natural resource inventory projects, that have
utilized Landsat data, correction functions were calculated
prior to classification, but the actual corrections were ap-
plied to the classification results. This procedure has been
used largely because it is less expensive to correct one band
of classification results than to correct four bands of multi-
spectral scanner data. ‘

In addition to correcting Landsat MSS data or classifica-
tion results to a geographic reference system, geometric
correction functions can be used to register one Landsat
scene to another, register any graphic or map data to Land-
sat data, or compute the location of sample units for re-
source inventory applications. These capabilities are useful
in subsequent analysis tasks to perform image stratification,
calculate training statistics, refine image classification, al-
locate sample units, and estimate the geographic coordinates
of sample units.

DIGITAL IMAGE CLASSIFICATION

Basically, the purpose of digital image classification is to
group a large number of pixels into a number of meaningful
categories that can be related to resource features. This
grouping is normally done by a classification decision rule
(e.g., minimum distance to the mean, parallelepiped, maxi-
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mum likelihood). In resource inventory projects, Landsat
digital data are commonly analyzed using interactive anal-
ysis procedures and a multispectral classification algorithm.
Most classification algorithms require the analyst to specify
training statistics for the desired resource classes.

Developing training statistics

Fleming, Berkebile, and Hoffer?> describe three ap-
proaches used to derive training set statistics for use with
a classification algorithm. These three approaches can be
referred to as supervised, unsupervised, and modified or
controlled clustering. When developing training statistics,
the analyst must ensure that the training statistics represent
the variation in spectral characteristics of all cover types
found in the project area.

In supervised classification, the analyst selects areas that
are spectrally homogeneous for each resource category. Be-
cause of variations in spectral characteristics of resource
cover types, there often is more than one training area se-
lected for each category. Training statistics, including the
mean brightness value within the training area, variance
about the mean, and the covariance between data channels
are calculated for each training area. Adaptations of this
approach use a clustering technique to identify a unique
number of spectral classes within each training area. In
either case, the analyst assigns a resource cover type to
each training area prior to deriving the training statistics.

Unsupervised development of training statistics uses a
clustering algorithm to group pixels selected for training into
a number of relatively homogeneous spectral classes. The
analyst can usually specify certain parameters to the clus-
tering program including the maximum number of classes,

RAW DATA:
DETECTOR BAND 4 K BAND 5 K BAND 6 K ‘BAND 71 K
1 21.3 |1.015| 15.5 | 1.038| 29.2 | 1.084| 30.9 | 1.046
2 20.4 | 1.064 | 15.4 | 1.046| 29.8 | 1.062| 28.2 | 1.146
3 21.2 {1.020| 16.1 | 1.000| 29.4 | 1.079| 27.9 | 1.157
4 21.3 |1.019| 15.3 | 1.049| 29.9 | 1.060| 28.1 | 1.148
5 21.2 |1.023| 15.2 | 1.056( 31.7 | 1.000| 27.4 | 1.179
6 21.7 |{1.000§ 15.7 | 1.028| 29.8 | 1.063{ 32.3 | 1.000
NORMALIZED
DATA
DETECTOR BAND 4 BAND 5 BAND 6 BAND 7
1 21.4 16.2 31.7 32.3
2 21.5 16.4 31.7 32.3
3 21.4 16.1 31.7 32.3
4 21.4 16.3 31.7 32.3
5 21.5 16.3 31.7 32.3
6 21.7 16.3 31.7 32.3

Figure 3—Mean brightness values for each detector in each spectral bank were calculated based on the data from the image shown in Figure 1. Normalization
factors (K) are determined by ratioing the mean of each detector and the maximum mean for each band. After data are multiplied by the normalization factor,
the normalized means indicate less variability between detector means, thus minimizing the effect of striping.
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Figure 4—Part of a Landsat color composite from scene 5470-19560 acquired on August 1, 1976 near Cantwell, Alaska. The data have been destriped using a
histogram normalization technique (compare with Figure 1). This image has not been geometrically corrected.

maximum standard deviation within a class, and the mini-
mum number of pixels within a class. In addition to the
clustering parameters, the analyst must also specify the pix-
els to be used in developing the training statistics. He may
specify all pixels in the project area or randomly select
sample areas of some specified size. Clustering of all pixels
in a project area into a small number of spectral clusters or
classes is sometimes referred to as unsupervised classifica-
tion. After unsupervised classification, it is necessary to

identify the resource category represented by each cluster.
An image showing the distribution of the resource categories
is made by combining all clusters of the same resource
category into one class.

When classifying wildland vegetation, it is often difficult
to identify spectrally homogeneous training areas for each
resource category. In such situations, clustering of pixels
within randomly selected training areas is often a useful
approach for developing training statistics. This approach
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was used to develop training statistics for classifying wild-
land vegetation and other land cover types on a 118,000 ha
(293,000 ac) area near Cantwell, Alaska. ‘

The area shown in Figure 4 was gridded into 4,096 eight-
pixel-by-eight-pixel cells. Ten percent of the cells were ran-
domly chosen and processed with a clustering algorithm to
identify a unique number of spectral clusters in the data.
Fifty-six spectral clusters were identified in the sample data.
Using this approach to derive training statistics, it was
assumed that the sample data represented all of the cover
types in the area. Further, it was assumed that each cover
type would be represented by at least one spectral cluster
and that each spectral cluster would represent only one
cover type. '

A mean brightness value and its variance for each spectral
band and a covariance matrix was calculated for each spec-
tral cluster. These statistics were used in a maximum like-
lihood algorithm to classify each picture element into one of
the 56 cluster classes. Color infrared photographs and field
data collected in July 1976, were used to assign each cluster
class to one of nine land cover classes. The data were color
encoded and recorded on film with a film recording device
(Figure 5).

Controlled clustering is another approach to developing
training statistics. Using this approach, the analyst selects,
either randomly or purposively, polygonal shaped training
areas that usually include several resource cover types. Pix-
els within the training areas are clustered into a number of
spectral clusters as in the unsupervised approach. The spec-
tral clusters are printed onto paper or displayed on a color
monitor. Using aerial photographs, ground data, and other
supporting data, the analyst identifies the resource cover
type associated with each spectral cluster prior to perform-
ing the maximum likelihood classification.??

Controlled clustering was used to develop training statis-

tics to classify the extent of flooded agricultural land in an ~

area near Fargo, North Dakota. Five training areas, each
approximately 2,200 ha, were located on color infrared pho-
tographs. Areas were selected which represented the range
of flood conditions and land cover types throughout the
area. The training areas were located on the Landsat data
and brightness values of all pixels within the training areas
were clustered into a large number of spectral clusters. A
line printer map of each training area was compared with a
color infrared photographs and each spectral cluster was
assigned to one of the ground cover classes shown in Table
II. The statistics for all spectral clusters were used to cal-
culate a statistical measure of the separability between spec-
tral clusters in multidimensional space. The separability sta-
tistic and the interpreted cover class for each spectral cluster
were used to determine which spectral clusters could be
combined. The final statistics file contained 21 spectral clus-
ters.

The training area statistics and the Landsat data were put
in a maximum likelihood classifier. Evaluation of initial re-
sults indicated confusion between older residential areas and
agricultural land which had been partly inundated. Fallow
fields and fields recently plowed and planted were also mis-
classified as inundated (Figure 6).

TABLE IIl.—Land cover classification scheme used in mapping the extent
of flooding near Fargo, N. Dak. in July 1975. )

Cover type

. Urban : :

. Agricultural land not affected by flood :

. Partially inundated—agricultural land partially affected by flood condition

. Completely inundated—agricultural land where effects of flooding were
apparent over entire field

. Standing water

6. Wooded (both dry and flooded)

W=

w

The Landsat digital data were stratified into three strata
to minimize the variation in land cover and inundated agri-
cultural land within each stratum. A Landsat color compos-
ite was enlarged to a scale of 1:250,000. The general area
affected by flooding was delineated on the enlarged Landsat
image and plotted onto U.S. Geological Survey 1:250,000-
scale maps and digitized. All urban areas greater than ap-
proximately 65 ha were plotted on U.S. Geological Survey
1:24,000-scale maps, and digitized. The digitized strata
boundaries were registered to the Landsat image with a
mean residual error of less than 0.5 pixel.

The strata boundaries were used to extract the image data
associated with each strata. The original training statistics
were modified to reduce the number of training classes and
minimize the likelihood of misclassification noted in the
initial results. A separate training statistics file was created
for each stratum. The training statistics file and appropriate
Landsat data for each stratum were input to a maximum
likelihood classification algorithm to classify all picture ele-
ments. After classification, the three strata were added to
reconstruct the original image. The final classification results
are shown in Figure 7. Stratification of Landsat data prior
to classification significantly reduced misclassification error.

Summarizing classification results

Image classification results show the areal extent of re-
source cover types. Because the data are in digital format,
the area within each cover class can be. easily tabulated
(Table III). In most inventory projects, statistical summaries
are desired by ownership, administrative units within an
ownership, or political boundaries. If these boundaries are
plotted onto maps and digitized, the boundaries can be reg-
istered to Landsat (Figure 8). The area of each cover type
can then be summarized within each defined boundary. This
technique has been used in several forest and range resource
inventories.'®?~% Krebs and Hoffer (1976) have also re-
ported on the use of digitized topographic data to summarize
the area of cover types by elevation, slope, and aspect.

SAMPLING FOR ACCURACY ASSESSMENT AND
RESOURCE INVENTORY

Although areas of cover classes can be tabulated for any
polygonal area within the Landsat data, there is no indica-
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Figure 5—Landsat classification of land cover types near Cantwell, Alaska. Barren lands are shown in black. Clear water and sediment-laden rivers are shown
in dark blue and light blue, respectively. Tundra is shown in dark green, low shrub is shown in light green, and tall shrub is shown in red. Open conifer-tall
shrub is shown in light red, open conifer-low shrub is shown in violet, and dense conifer is shown in purple.

tion of classification accuracy nor can a confidence state-
ment be placed on the tabulated figures. In resource inven-
tories, the parameter of interest may not be measured
precisely on Landsat imagery; thus, sampling procedures
are needed to derive estimates of the parameter of interest
and to evaluate classification accuracy.

Investigators have shown that when remote sensing im-
agery at several scales is available, it is often most efficient
to first make a large number of fast, inexpensive measure-

ments of a parameter (X;), on small scale, low resolution
imagery, and then correlate this parameter with the param-
eter of interest (Y;).1213:2627 A second phase involves se-
lecting a small number of sample units on which the param-
eter of interest (Y;) is measured precisely on larger scale,
higher resolution images. Statistical methods are then used
to estimate the parameter of interest from the measurement
made on each image type and to estimate the variability
about the estimated total.
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Figure 6.—Landsat classification results showing agricultural land affected
by flooding near Fargo, N.D. Wooded areas are shown in light green. Urban
areas are shown in red, and cropland not affected by flooding in dark green.
Land where complete inundation occurred is shown in dark blue (standing
water) and dark brown (land where there was no standing water on July 14,
1975). Land which was partly affected by flooding is shown in yellow. Initial
results indicated confusion between older residential areas and agricultural
land which had been partly inundated (see arrows).

Verification of classification accuracy

Evaluation of classification accuracy necessitates sam-
pling each of the cover classes. One approach that can be
used is a clustered-stratified random sampling technique.
This technique will provide the user an estimate of the ac-
curacy of cover types displayed on classification map
overlays. This procedure allows evaluating accuracy on a
pixel-by-pixel basis and also takes advantage of the effi-
ciency in cluster sampling. To estimate the classification
accuracy for the area shown in Figure 5 with an allowable
error of = 5 percent at the .95 probability level, 2,050 indi-
vidual pixels would have to be sampled. The procedure for
estimating sample size is presented by Rohde and others.?®
Because a large number of pixels were to be sampled, cluster
sampling was used to reduce the amount of time required to
locate plots and interpret specific pixels. Analysis tech-
niques are used to superimpose a sample unit grid on the
classification results, randomly select sample units, and tally
the results within the selected sample units.

The classified image was gridded into five pixel-by five-
line grid cells with each grid cell containing 25 pixels (Figure
9). Each grid cell constitutes a cluster. Sixty-two clusters
were randomly selected and plotted on aerial photographs
(Figure 10). Each photo was subdivided into 25 subplots
(each subplot is equivalent to a pixel).

The predominant cover type at each subplot was inter-
preted from the aerial photographs. After the photo inter-

TABLE IIl.—Area Classified into Each Cover Class in the Cantwell,
Alaska Area Shown in Figure 5.

Cover Type Hectares Acres

Clear water 1240 3063
Sediment laden water 2575 6364
Barren land 20508 50672
Tall shrub 7671 18955
Low shrub 26769 66144
Tundra 45524 112488
Open conifer/low shrub 3034 7497
Open conifer/tall shrub 8130 20089
Dense conifer 3159 7805
118610 293077

pretation was completed, the computer classification of each
sample unit was tallied and the classification of each subplot
was compared to the photo interpreted cover type. The
overall classification accuracy was estimated to be 84.5
percent = 4.2 percent at the .95 probability level. An ac-
curacy statement was calculated for each cover class using
statistics described in Rohde and others.?®

Sampling procedures for area estimates

Multispectral classification techniques were used to clas-
sify the area of agricultural land near Fargo, North Dakota
that was affected by flooding (Figure 7). Although the area
could be easily tallied, a sampling procedure was required
to place a confidence interval around the estimate.

0 1tkm

Figure 7.—Landsat classification results showing agricultural land affected

by flooding near Fargo, N.D. Image stratification prior to classification re- -
duced the misclassification between residential areas and agricultural land

which had been partly inundated (compare with figure 6).
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Figure 8.—Part of a Landsat color composite image from scene 2195-17520 acquired on August 5, 1975 (left). Land ownership boundaries were digitized and
registered to the Landsat image. The Landsat data were classified into three broad volume classes (low, moderate, high) and summarized by ownership.
Classification results for U.S. Forest Service land is shown on the right. Low volume is shown in white, moderate volume in red, and high volume is shown in

green.

A two-phase sampling scheme was used. In two-phase
sampling, sample units are the same size in each phase. The
Landsat classification results provided the quick estimates
in the first phase. A subsample of the first-phase sample
units was selected for more precise measurements in the
second phase. A least squares regression of estimates from
the second phase on estimates from the first phase was used
to adjust estimates made from the first phase.

Assuming a sample unit size of 1,600 pixels, the number
of sample units required for measurement at each phase was
estimated, based on an expected correlation between meas-
urements made at each phase, the cost ratio of obtaining
measurements at each phase, and the desired accuracy level.

~ To achieve an estimate with an accuracy of + 10 percent at
the .95 probability level, it was estimated that 200 first-phase
samples and 30 second-phase samples would have to be
measured.? A forty-pixel-by-forty-line grid was placed over
the classification results and two hundred sample units,
1,600 pixels in size, were randomly selected. The Landsat
classification results in each selected sample unit were tab-
ulated to provide the first-phase estimates. Thirty second-
phase sample units were randomly selected from the 200
first-phase sample units. The latitude and longitude coordi-

nates were computed for the four corner points of each
second-phase sample unit. Each second-phase sample unit
was plotted onto U.S. Geological Survey 1:24,000 scaled
maps and transferred to color infrared photographs. The
area of cropland affected by flooding in each second-phase
sample unit was estimated with a dot grid. The area esti-
mates made on the second-phase sample units were used to
develop regression coefficients to adjust estimates made in
the first phase from the Landsat classification. '

Using two-phase sampling statistics, 379,165 ha of agri-
cultural land were estimated to be affected by flood condi-
tions. It was also estimated the 148,020 ha were partially
affected and 236,835 ha were completely flooded. The area
estimates and associated sampling errors are shown in Table
IV.

The ability to overlay a sample unit grid of varying size
on Landsat data, tabulate classification results within sample
units, and calculate geographic coordinates of sample units,
provide data that resource specialists can use to define sam-
pling schemes or allocate sampling efforts to derive resource
estimates. Landsat data, multi-phase and multi-stage sam-
pling techniques have been used in numerous resource in-
ventory projects.?®
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Figure 9.—Five pixel by five line sample unit grid superimposed on Landsat classification of land cover types near Cant\fzell, Alaska. The color scheme is listed
in figure 2. Sixty-two sample units were randomly selected with equal probability for interpretation on aerial photographs to estimate the classification accuracy.

OUTPUT PRODUCTS

Resource managers often need map overlays that show
the areal extent of resources being inventoried or mapped.
Common requirements include color encoded map overlays
or line map overlays at various scales from 1:24,000 to
1:250,000. Digital classification results provide great flexi-
bility in displaying data in various formats and map scales.
The data can be easily aggregated for display at various
levels of generalization or at a given level of detail to sim-
ulate various minimum mapping units.

In most multispectral classification techniques, each in-
dividual picture element (0.40 ha or 1.1 ac) is assigned to
one class. This often results in a ‘‘salt-and-pepper’’ appear-
ance on map overlays. Spatial smoothing programs can be
used to simulate a minimum mapping unit and to reduce the
‘“‘salt-and-pepper’’ appearance. The image in Figure 11 was
processed with a smoothing algorithm to simulate an -ap-
proximate 4 ha (10 ac) minimum mapping unit. A three pixel
by three line cell was passed through the data one pixel at
a time. The first and last lines and the first and last pixels
in each line were not changed. All other pixels were reas-
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Figure 10.—Color infrared aerial photograph showing sample unit number 4962. Each sample unit was divided into 25 subplots where each subplot represents a
: pixel (.40 ha or 1.1 ac).

signed to the most frequently occurring class in the three

pixel by three line cell. Although this technique tends to
reduce misclassification caused by edge effects from several
resource types, 'small, narrow features may be lost unless
classes representing such features are more heavily weighted
when the smoothing function is applied.

The final classification results can be color encoded on
film, printed by a line printer, or plotted onto a map overlay
with a plotter. Color encoded map overlays are made by
recording onto film the classified digital data that have been
geometrically corrected, registered and scaled to the desired
map base. The data can be recorded either directly onto
color film or onto three separate black-and-white images
that can be composited into a color image (Figure 11).

Classification results can be printed with a line printer
where each cover class is represented by a unique symbol.

TABLE IV .—Estimate of Agricultural Land Affected by Flood Conditions.

Sampling
Cover Class Hectares Error
Percent
Partial inundation 148,020 54
Complete inundation 236,835 : 6.1
All areas affected by flooding 379,165 3.9

With appropriate geometric correction functions, the data
can be printed at various scales; the most common are
1:24,000, 1:62,500, and 1:63,360.

Classification results can be plotted as polygons on map
overlays that have been registered and scaled to the desired
map base. The final map overlay can show each polygon in
color with different shading patterns or with polygons num-
bered to correspond to a cover class in the legend. Figure
12 is an example of a map overlay that corresponds to a

“portion of a U.S. Geological Survey 1:63,360 scaled map.

Other techniques exist to format classification results to
a user specified grid cell size and register the data to an
existing information system. This capability allows a re-
source scientist to merge other ancillary data (e.g., soils,
landforms, hydrology, eleévation, slope, aspect) with the
classification results. ‘

SUMMARY

Landsat digital data with supporting aerial photographs and
sampling techniques were used to accurately map wildland
vegetation and inventory flooded agricultural land. Image
analysis techniques were required to make radiometric and
geometric corrections. Techniques were needed to stratify
the Landsat data prior to classification to reduce the prob-
ability of misclassification.
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Interactive analysis techniques were used to develop

training statistics and to evaluate initial classification results.

The classification results were used in sampling schemes to
evaluate classification accuracy and to inventory the area
within each cover type. Analysis techniques were used to
partition the project areas into sample units, summarize
classification results within sample units, and to select and
locate sample units. Image analysis techniques were also

used to. plot the classification results on map overlays that
were registered to 1:63,360 scaled maps.

Continued development and improvement of image anal-
ysis techniques are needed to make them more efficient. As
these techniques are improved, Landsat data, used in its
proper context with supporting data, and sound sampling
strategies, can be an effective tool in conducting natural
resource inventories.

Figure 11.—Landsat classification of land cover types near Cantwell, Alaska. A spatial smoothing algorithm was used to eliminate the ‘‘Salt-and-pepper’
appearance as shown in figure 5. The smoothing was done to simulate an approximate four ha (ten ac) minimum mapping unit. Barren lands are shown in black. -

Clear water and sediment laden rivers are shown in dark green; low shrub is shown in light green, and tall shrub is shown in red. Open conifer—tall shrub is
shown in light red; open conifer—low shrub is shown in violet, and dense conifer is shown in purple.
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Figure 12.—Example of Landsat classification results that have been geometrically corrected and plotted on a map overlay. This overlay is part of the total area
shown in figure 5. The map overlay was scaled to register to the U.S. Geological Survey 1:63,360 Healy A2 map sheet. Barren land is shown in blue, single-
horizontal lines. Clear water and sediment-laden rivers are shown in dark blue, double-horizontal lines and blue dots, respectively. Tundra is shown in white, low
shrub is shown as green dots, and tall shrub is shown in red dots. Open conifer—tall shrub is shown as green triangles, open conifer—low shrub is shown as dark
red, double-vertical lines, and dense conifer is shown as dark red single-vertical lines.
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Digital image analysis applications in state

natural resource agencies

by PAUL A. TESSAR

National Conference of State Legislatures
Denver, Colorado

INTRODUCTION

State government agencies are becoming increasingly in-
volved in developing and applying digital image processing
capabilities to fulfill state responsibilities. Experimental vis-
ual Landsat applications were attempted by many state
agencies from the launch of Landsat-1 in July, 1972. Digital
applications, however, were generally not attempted in state
agencies until the middle of 1974. Since then, many states
have been involved in investigations and demonstration proj-
ects utilizing digital image processing techniques. Several
states (e.g., Texas, Georgia, and South Dakota) have estab-
lished in-house operational or quasi-operational digital
Landsat capabilities. It is clear that the trend of the future
is toward the establishment of such capabilities in many
states.

Often, the development of digital Landsat analysis and
application capabilities is within the context of a state nat-
ural resource information system. Digital Landsat data is
extremely compatible with geographic information systems,
once compensation is made for technical problems. Exis-
tence of a state system provides a focal point for adopting
satellite remote sensing techniques, thereby facilitating tech-
nology transfer efforts. On the other hand, in states which
do not have a natural resource information system, the de-
velopment of Landsat digital analysis capabilities has often
led to the examination of more general computerized natural
resource data analysis systems. In either case, there is a
synergistic effect from the mixing and comparing of several
types of data in a computer.

The experiences of two state programs in developing or
acquiring and applying digital Landsat analysis capabilities
are discussed below. The approach, emphasis and results
are quite different in each case. All fifty states, however,
are different in terms of institutional structure, political cli-
mate, role of state government and local needs. While each
state is unique overall, a number of features and experiences
are shared by many. By studying similar type developments
in other states before attempting them at home, pitfalls can
be avoided and successes repeated. Hopefully, the experi-
ences of North Dakota and South Dakota will prove useful
in this vein.

107

THE NORTH DAKOTA REGIONAL
ENVIRONMENTAL ASSESSMENT PROGRAM’S
STATE LAND COVER ANALYSIS '

The North Dakota Regional Environmental Assessment
Program (REAP), a division of the State Legislative Council,
was created by the 1975 North Dakota Legislative Assembly
as a result of a recognized need for a comprehensive and
coordinated source of natural resource-related information.
The immediate impetus for such a program was current and
prospective large-scale coal development in southwestern
North Dakota. Enabling legislation directed REAP to carry
out studies and research related to natural resources and to
develop a comprehensive information and analysis system
for the storage, retrieval, and analysis of such information.
Furthermore, REAP was especially directed to develop the
capability of forecasting the impact of natural resource de-
velopment alternatives which may be considered by the
state.

In order to meet its responsibilities, REAP has undertaken
four specific tasks: (1) the collection of existing baseline
data, together with a major effort to fill recognized data
gaps; (2) the design, development, and installation of a com-
puter-based information system capable of storage, re-
trieval, representation, and analysis of appropriate data; (3)
development of a variety of capabilities, including models,
for assessing the impacts of proposed natural resource de-
velopment; (4) the establishment of a means for the regular
monitoring and updating of data so the information system
will remain current and the analyses relevant.

In the fall of 1975, REAP conducted an exhaustive study
of the relevant data sources and gaps. Through this effort,
it was recognized that there was no comprehensive land
cover inventory for the state of North Dakota. Accordingly,
REAP identified the completion of such an inventory as a
major task requiring early attention.!

Several different technologies were consideered for in-
ventorying the land over the entire state of North Dakota,
approximately 180,000 sq. km. (70,665 sq. mi.) in area. The
technology chosen, satellite remote sensing, uses imagery
obtained from the Landsat satellites launched by the Na-
tional Aeronautics and Space Administration in July 1972
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and January 1975. One of the major advantages of Landsat
imagery is that the entire state of North Dakota can poten-
tially be covered every nine days, and therefore repetitive
comparative imagery is available. This technology therefore
provides a mechanism for conducting a baseline land cover
analysis for the state and for monitoring how that land cover
changes over time. Since a near-permanent platform for
imaging is available at no cost to the state, it is more eco-
nomical to use such a system than to undertake complete
aerial photographic coverage of the state, and to propose
frequent repetition of the coverage for monitoring purposes.
Another distinct advantage is the large areal coverage for
any given image which permits discerning gross land fea-
tures often not perceivable with aerial photography. Landsat
imagery is particularly amenable to computer analysis,
whereas such techniques have not been well developed for
photographic imagery. A disadvantage of utilizing Landsat
imagery is that a high degree of detail, particularly in urban-
type areas, is usually not available. Thus, it is generally not
feasible to attempt to obtain a full level II land cover analysis
utilizing Landsat imagery; a thorough level I analysis is
readily obtainable, however.2

Categorization

Computer processing of the Landsat data from computer
tapes as received from the EROS Data Center was per-
formed by the Bendix Aerospace Systems Division using a
Bendix datagrid digitizer system and the Bendix multi-spec-
tral data analysis system (MDAS).® The process involved
identifying an area on a computer display terminal which
coincided with the exact shape and location of a given train-
ing set. A computer was then coded to identify all areas in
that particular scene with a similar reflectance. Finally, a
color was assigned to indicate all such areas. In a follow-up
process, color-coded areas of a particular category were
checked against the available ground truthing information to
ensure that the computer search for similar cover was com-
plete. This process was repeated for each of the land cover
categories. The final result was what is called a ‘‘catego-
rized”’ tape.

As a result of categorization of the 19 Landsat scenes, as
few as 12 and as many as 36 different categorizations were
determined. For example, in two different scenes up to 14
different categories of water were identified. As many as
nine different categories of cropland were detected but there
were only three different wetland categories. All categories
identified through this process have been retained on the
categorized tapes. However, for purposes of displaying the
results of this land cover analysis on colored maps, an ex-
tensive merging of categories was undertaken.

Ten different land cover categories were selected for dis-
play on maps and a color was assigned for each category.
The 10 categories selected for map display include all seven
applicable Level I categories suggested by the U.S. Geolog-
ical Survey,? and five Level II and Level III sub-categories.

Results

North Dakota is one of the first states for which detailed
land cover analysis has been completed utilizing computer
processing of digital Landsat imagery. The results of this

~land cover analysis have been incorporated in several dif-

ferent products which will be available for public purchase
and technical use. Each of these products will be described
in some detail below.

The first product of the land cover analysis is a color-
coded map for each of the 53 North Dakota counties at a
scale of 1:126,720 (exactly two miles to the inch). On each
map, a color is used to designate each of the 10 different
land cover categories as indicated in Table I. Each county
map contains information on the scale, the color legend, the
name of the county, a small map of the state with the county
darkened, and an outline of the county containing the date(s)
of the Landsat imagery used for the analysis. To produce
these maps Bendix developed a technique to create a high
quality color negative merging the land cover and the base
map data. The land cover data was produced by the com-
puter processing discussed above, and the base map was an
edited version of the detailed county highway maps.

The second product of this analysis is an area tabulation
for each township, county, and the state. For each of these
geographic units, a table was prepared indicating the acreage
covered by each of the 10 land cover analysis categories.
The area tabulations were prepared by reading a digital tape
file and summing the land cover to the appropriate geo-
graphic area. The area tabulation for the entire state is
shown in Table 1.

The third product of the land cover analysis is a map of
the entire state of North Dakota at a 1:500,000 scale (ap-
proximately eight miles to the inch) which contains the land
cover illustrated by the appropriate color, the same as used
on the county maps, a legend and the county boundaries.

The final product of the land cover analysis is a digital
tape file of land cover data prepared in a specified cell
format. The objective of this effort was to prepare land
cover information aggregated to 40-acre cells, registered by

TABLE I—North Dakota Land Cover by Category

Percent
Land Cover Category Acres of Total
Built-up Land 19,777 0.04
Cropland 15,956,690 35.24
Fallow Land 6,189,168 13.67
Exposed Subsoil or Saline
Seep 100,952 0.22
Rangeland 11,889,387 26.26
Mixed Range, Agriculture, and
Pasture 7,630,329 16.85
Forest 386,823 0.85
Water 1,265,812 2.80
Wetland 780,284 1.72
Barren Land 975,863 2.16
Uncategorized 80,787 0.18
Total 45,275,872 99.99
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quarter-mile section of the Public Land Survey. Thus, all
pixels with center points lying within the given quarter-
quarter section were tabulated and grouped by land cover
category.

Summary

The first complete land cover analysis of the state of
North Dakota has been conducted utilizing computerized
analysis of Landsat imagery. The products of the analysis
are color-coded maps of each of the 53 counties in the state
and a state map. Tables of area coverage of each land cover
category are also available. The digital information for each
pixel in the state is recorded on computer tape for subse-
quent utilization in the REAP computer system.

This analysis has revealed a number of unique capabilities
of the Landsat imagery process, those utilizing more than
a single Landsat scene. The products of this analysis are
already being used in corridor analysis for transmission
lines, resource analysis, water management problems, non-
point source pollution studies, and regional environmental
analysis. The results provide an essential data base for the
REAP system and will serve as the basis fot monitoring
changes in land cover in the state of North Dakota.

LANDSAT APPLICATIONS OF THE SOUTH
DAKOTA LAND RESOURCE INFORMATION
SYSTEM

In the early 1970’s, the South Dakota State Legislature
recognized the need for land related policy and planning
decisions to be based on solid, objective data. In 1974, the
Legislature facilitated the establishment of this information
base by authorizing the South Dakota State Planning Bureau
to investigate the means for collecting the desired land re-
source data. This investigation resulted in the initiation of
the South Dakota Land Use Inventory and the formulation
of the Land Resource Information System (LRIS). The in-
ventory, using both photographic and digital Landsat data,
began as a three-year, three-phase cooperative project be-
tween the State Planning Bureau and the EROS Data Center.
The agreement specified that EROS would supply technical
assistance and imagery, while the state would supply per-
sonnel to initiate and maintain an in-house system for inter-
preting, storing and applying the land use data to South
Dakota operations.

One important factor regarding the South Dakota Land
Use Inventory needs to be emphasized. The State Land Use
Inventory program established an in-house analysis capa-
bility that will allow mappingas the need arises. The ability
to perform special manipulations with existing data, the tools
for updating the inventory, and the capability for special
projects such as the 208 work make the program especially
flexible and valuable to the state. Many of the applications
outlined below have resulted from ad hoc projects that ne-
cessitated some form of additional manipulation of analysis
of the standard county land use data.

Phase I—Land use analysis

The initial phase of the South Dakota Land Use Inventory
produced a map displaying a generalized picture of the dis-
tribution of major land uses across the state. Seventeen
Landsat scenes from the spring of 1973 were required to
provide cloud-free coverage of the entire state. These images
were manually interpreted to determine the dominant land
use found within every quarter section (160 acres) in South
Dakota. The categories classified included urban, rangeland,
agriculture, forest, water, wetlands, and barren land.* This
phase of the land use inventory was intended to produce an
educational tool in the form of a map that displayed the
complexity of land use across South Dakota. The total pro-
duction time for this map was 24 weeks. The total cost for
production and dissemination of the map was $4,920, or 6¢
per square mile.

The Phase I state land use map provided an overview of
the current land use of South Dakota. Due to the crude level
of detail, the map could not be utilized for detailed planning
activities. However, it did stimulate much interest in the
value of Landsat data for large area investigations. While
most requests were from educational organizations inter-
ested in its academic value, several agencies did utilize the
map for management purposes.

Phase II and III land use

State Planning Bureau anlaysts decided that more detailed
land use information could only be obtained from Landsat
data by utilizing more advanced analysis techniques than
those used to produce the Phase I map. Landsat computer
compatible tapes, which contain the same information as
photographic Landsat imagery but in much greater detail
(1.1 acre cells), provide this additional information. Com-
puter software allowing this analysis was developed during
fiscal years 1976 and 1977, and is contained in a computer
package entitled Landsat Imagery Analysis Package
(LIMAP).* These methods were employed early in Phase II
to initiate a comprehensive, statewide land use inventory.
The major differences between the output of this inventory
and the Phase I land use mapping effort are:

(1) The maps produced in Phases II and III are based on
data in 1.1 acre cells rather than 160 acre cells. The
1.1 acre data can be displayed with that cell size or
aggregated to any meaningful larger cell size such as
10 or 40 acre cells (Figure 1).

(2) The classification scheme of Phases II and III contains
more detailed land use categories. Table II contains
a complete listing of the categories used in the digital
land use inventory.

(3) Phases II and III maps are produced on a county

* This classification scheme is a Level I categorization adopted from: An-
derson, J. R., et al. A Land-Use and Land Cover Classification Scheme for
use with Remote Sensor Data USGS Professional Paper 964, Washington,
D.C., 1976.
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Figure 1—Cow Creek Township, May 15, 1973, data aggregation
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rather than on a statewide basis. The enormous quan-
tity of data required to complete a 1.1 acre inventory
of South Dakota necessitated storing the data in
county files. These files, however, can be easily ma-
nipulated to produce maps of many different areas,
including townships, watersheds, multicounty regions,
or other regular and irregularly shaped areas.

(4) The digital format of the Phases II and III data per-
mitted the development of computer software to rap-
idly scale the data to virtually any scale and carto-
graphic projection. This added flexibility satisfies the
needs of a variety of users by matching the scale of
the land use data to customized base maps.

These increases in data content and display capabilities
greatly enhance the potential applications of the land use
data to planning and managing South Dakota’s natural re-
sources.

Current inventory status

The State Planning Bureau initiated the digital processing
of Landsat imagery in 1975. As of September, 1977, 50 of
-67 South Dakota counties had been mapped with four ad-
ditional counties in progress.

The Planning Bureau has recently initiated a program to
assess the accuracy of the completed portion of the land use
inventory. Preliminary indications are that the average ac-
curacy of the data is approximately 75 percent. Analysis
results have progressively yielded higher accuracies with
the most recently mapped counties being as accurate as 96
percent. Recognizing the importance of accurate land use
data to decision makers, the State Planning Bureau has
adopted a policy of only disseminating maps of at least 85
percent accuracy..

Costs

The time and cost requirements that must be met if the
inventory is to be economically viable are critical. The State

TABLE I1I—South Dakota Landsat Land Use Classification Scheme

Level I Level 11 Level 11T
100 Urban
200 Agriculture
210 Cropland
211 Bare soil
213 Small Grains
215 Large Grains
300 Rangeland
400 Forestland
410 Deciduous
420 Evergeeen
500 Water
600 Wetlands

630 Riparian Vegetation
700 Barren Land

Planning Bureau has committed approximately five man-
years and $300,000 toward the completion of the South Da-
kota Land Use Inventory. This includes a large amount of
time and money devoted to computer software development.
While this has increased both time and cost expenditures,
it has allowed the formulation of an analysis system
equipped to meet South Dakota’s specific needs.

A detailed look at current analysis costs, excluding over-
head, training and development expenses, shows the eco-
nomic feasibility of recently produced land use maps. Ana-
lysts have been able to map a 3320 square mile area in
northeastern South Dakota (approximately 4 counties) for
a total analysis cost of $5,703.36. The Landsat data was
mapped using four categories: water, large grains, small
grains and pasture. The level of detail was 1.1 acres and the
cost per square mile was $1.72 or $0.0027 per acre. Table
111 contains a detailed listing of mapping costs. These figures
will not necessarily apply directly to other geographic areas,
but can be considered fairly typical.

Applications

The true value of any land inventory is best determined
by its applicability to management and policy problems. In
addition to the South Dakota applications mentioned in
Table V, the State Planning Bureau has provided publica-
tions and advice to 40 states and four foreign countries.
While this indicates wide interest in the innovative nature
of the South Dakota Land Use Inventory and the Land
Resource Information System, it is the state applications
that best illustrate the overall value of the program.

Limitations of Landsat data

While Landsat has generally been adequate as the primary
data source for the land use inventory, it does have limita-
tions. Scanner sensitivity and resolution are sometimes in-

TABLE III—Time and Cost Data for Digital Land Use Mapping of
a 3320 Square Mile Area in Northeastern South Dakota.

TIME
Data Rectification 2 hours
Classification 21 hours
Verification (Accuracy) 68 hours
Final Map Production 18 hours
109 hours
COSTS
Landsat Imagery
1 CCT @ $200 $ 200.00
- Computer Time
7.182 hours @ $625.00/hr. $4,488.75
Salary
109 hours @ $6.94/hr. $ 754.61

Ground Data Acquisition
4 counties @ $40.00/county $ 160.00
Misc. Supplies (Paper, tapes, etc.) $ 100.00

$5,703.36
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adequate for the task of mapping certain land use categories.
Wetlands, for instance, have an appearance similar to large
grains on Landsat data obtained during the summer months.
This often results in the misclassification of wetlands. While
techniques exist to correct this problem, they increase both
analysis time and cost. Sensor resolution limitations pre-
clude the use of Landsat for meaningful classification of the
state’s urban areas. Again, alternative inventory methods
such as aerial photography are available but at an increased
analysis cost. .

Another limitation of Landsat data is its timeliness. Raw
data in the form of computer compatible tapes is currently
available between three and four months after the satellite
has recorded the scene. This data turnaround is often in-
adequate for ad hoc analysis since categorization of the data
can require up to an additional month. Landsat can be a
timely tool for monitoring natural disasters such as floods
and droughts. However, to be of use, the data should be
available within one to three weeks. When this data avail-
ability problem is solved, the utility of Landsat data to South
Dakota will be greatly enhanced.

When the limitations of the Landsat data are recognized,
satisfactory results can be easily and consistently obtained.
The South Dakota State Planning Bureau has generally been
satisfied with the results of its statewide digital land use
inventory. The Bureau plans to complete the land use in-
ventory during fiscal year 1978, and then to publish a state
land use atlas containing the resultant data. Because of the
successes achieved so far, the State Planning Bureau intends
to continue using Landsat as an important tool in the plan-
ning and decision-making process.

IMPLICATIONS TO THE COMPUTER WORLD

The accelerating development of state digital image proc-
essing systems and natural resource information systems
will provide many challenges for the computer world over
the next decade. A great deal of development will need to
be completed on both hardware and software.

Multivariate statistical analysis of image data requires a
great deal of computing power. As future image data sets

TABLE IV—Typical Landsat Applications of the South Dakota Land
Resource Information System !

Comprehensive Planning
County Comprehensive Plans
U.S. Army Corps of Engineers Watershed Planning
State and Regional River Basin Planning
HUD 701 Land Use Planning
Environmental Impact Assessment
Energy development impact analysis
Transportation corridor selection
Energy transmission corridor analysis
Surface Water Inventory
Impoundment location
Flood plain delineation
Land Use Change Analysis
Agricultural conversion
Urbanization

grow an order of magnitude in size and additional channels
are added to future sensors, much faster processors will be
required. Mass storage devices capable of storing hundreds
of megabits of data with access times comparable to main
storage need to be developed for specialized processing ap-
plications such as data rectification and image enhancement.
Video image display devices will have to be upgraded to
handle larger volumes of data. Remote data transmission
devices will have to be accelerated as distributed image
processing systems become more prevalent and transmis-
sion requirements are greatly increased. Color hard copy
output devices will need to be improved to upgrade product
quality and reduce production costs. Above all, a great deal
of system’s integration work will be required to effectively
and efficiently pull together all the various hardware com-
ponents required for operational image processi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>