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The Anna-Greta and Holger Crafoord Fund

The Crafoord Fund was established in 1980 by a donation to the Royal
Swedish Academy of Sciences from Anna-Greta and Holger Crafoord.

The purpose of the fund is to promote basic scientific research in Sweden
and in other parts of the world in the following disciplines:

— mathematics and astronomy

— the geosciences

— the biolegical sciences with particular emphasis on ecology
— rheumatoid arthritis.

Support to research takes the form of an international prize awarded annu-
ally to outstanding scientists, and of research grants to individuals or insti-
tutions, The awards are made according to the following rota:

Year 1 mathematics Year 5 the geosciences
Year 2 the geosciences Year 6 the biosciences
Year 3 the biosciences Year 7 mathematics
Year 4 astronomy and so on.

The research grant for rheumatoid arthritis is made every third year, but the
prize is awarded only when a special committee has shown that scientific
progress in this field has been such that an award is justified.

A certain portion of the grants is reserved for appropriate research projects
at the various institutes of the Academy.

When the prize and the research grants are to be awarded in mathematics,
astronomy, the geosciences or the biosciences, the first step is to define, in the
light of current international scientific development, a research area of par-
ticular interest. The prize and the research grants are then awarded for work
in this area.

The award - the Crafoord Prize - consists of a sum exceeding 1.3 million
Swedish crowns, a gold medal and a diploma.

The Crafoord Prize is awarded at a ceremony held at the Royal Swedish
Academy of Sciences on a Crafoord Day in early autumn. On this occasion,
the prizewinner gives a public lecture, the Crafoord Lecture.
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The Crafoord Prize 1987

His Majesty the King of Sweden (to the right) together with (from the left) Mrs Eliza-

h Odum, Mrs Martha Odum, the prizewinner Howard T. Odum, the donor, Mrs
Anna-Greta Crafoord and the prizewinner Eugene P. Odum. Photo: Boo Jonsson,
Svensk reportagetjinst.

The Royal Swedish Academy of Sciences has awarded the Crafoord Prize for
1987 jointly to Professor Eugene P. Odum, University of Georgia, USA and
Professor Howard T. Odum, University of Florida, USA for their pioneering
contributions within the field of ecosystem ecology. Their fundamental find-
ings have strongly promoted our understanding of the dynamics of natural
systems and formed a scientific base for the long-term exploitation of the
natural resources including pollution abatement.

On September 23, 1987 the prizewinners Eugene P. Odum and Howard T.
Odum received the Crafoord Prize from the hands of His Majesty the King of
Sweden at a ceremony at The Royal Swedish Academy of Sciences.

Eugene P. Odum has through numerous works formed the present basic
picture of the structure and function of ecosystems. His textbook “Funda-
mentals of Ecology” published in 1953 has had an enormous impact on the
scientific progress of ecology. Here the established foodweb structure of the
natural systems were coupled to be the circulation of oxygen, carbon, nitro-
gen, phosphorus and other elements to a total structural system of nature.

Howard T. Odum’s epochal contributions to ecology counts a series of
basic studies of the importance of solar energy for the biogeochemical cycles
and the development of ecosystems. His unique ability to explain events or
processes from a total system perspective is demonstrated in how classical
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studies of rivers, lakes, coastal systems, coral reefs and tropical rainforests.
H.T. Odum early recognized the consequences in nature of man’s use of fossil
fuel, contributing an energy subsidy to the ecosystem besides solar energy.
On the basis of the laws of thermodynamics he has formulated an unifying
systems theory including the socioeconomic field which has initiated an ani-
mated research activity which can be expected to change society’s valuation
of the living natural systems.

Eugene P. Odum and his younger brother Howard T. Odum were the first
to in depth comprise the activities of man in the studies of natural systems.
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Crafoord Lectures

Jimir I. Arnold: On some nonlinear pr_oblems‘.
1982 I‘Jr(])a::x'iéllr\lflil;'enberg: Mathematical methods in nonlinear problems.

1983 Edward N. Lorenz: Irregularity: a fundamental property of the at-
here. .
EgipryerStommel: The delicate interplay between wmd.-st.ress and
buoyancy input in ocean circulation: the Goldsbrough variations.

1984 Daniel H. Janzen: The most coevolutionary animal of them all.
1985 Lyman Spitzer, Jr.: Clouds between the Stars.
e J. Allégre: Isotope geodynamic. ‘
1986 (C}Ligiid dJ. Wasserburg: Isotopic abundances:inferences on solar sys-
tem and planetary evolution.
1987 Eugene P. Odum: Global stress on life-support ecosystemns mandates

input management of production system_s.
Howard T. Odum: Living with complexity.
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Living with complexity
Howard T. Odum

Environmental Engineering Sciences
University of Florida, Gainesville, FL, USA

On this blue planct earth self organization is connecting parts and processes
into a new kind of globat system that includes earth, air, oceans, biogeochemi-
cal cycles, living species, human minds, and shared information. A frenzy of
processes seems to be accelerating, as millions of human minds are being
linked with flows of money, clectronic signals and information. What princi-
ples explain this complexity?

increasingly in recent decades, studies of ccosystems have generated con-
cepts that may apply to all complex systems. The new concepts, when appro-
priately generatized in terms of energy, information, and network madels,
may apply to other systems in physical science and especially to the human
cconomy and its pattern with the biosphere. In this essay we use these general
systems principles concerning energy, information, and hierarchy to help un-
derstand the super-ccosystem of the biosphere. General principles of self-or-
ganizing systems suggest the future of humanity on earth, less as a matter of
human choice, and more as a scientific paradigm of earth complexity within
which human works are being adaptively programmed.

Part lintroduces energy concepts for hierarchy and complexity; Part l intro-
duces energy emulation modelling; Part I connects the new energy concepts
to information; Part IV indicates significance for physical sciences; and Part V
explores significance for human society. Details are given as endnotes (1).

Systems Ecology and Opposing Viewpoints

Because ecological systems with trees, birds, fishes, rocks, and winds are evi-
dent around us, it is easy for the science of ecosystems (systems ecology) Lo
concentrate on basic principles, whereas most sciences have had to struggle
with elaborate apparatus to sec their systems, For four decades, along with our
cotleagues the world aver, we have sought general theorices of the ccosystem
by the comparative measurements of contrasting ecosystems of the earth, by
large scale experiments and by study of microcosms. Simulation models have
been used to relate parts and mechanisms to the designs that emerge on a
larger scale. The generic models found have been extended to larger and
smaller systems, the subjects of other sciences.

However, many scientists in ecology and economics do not believe there are
seneral scientific principles for the system of humanity and nature and don’t
look for them. Opposttion to teaching unified general systems science has
been strong. Table T has some of the slatements sometimes given by oppo-
nents. Consequently, progress was slow. Even more rarcly were systems prin-
ciples sought from ecologic-cconomic complexily for application to classic sci-
ences,
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Table 1. Objections to Ecosystems General Systems Theory

(1} Understanding how parts interact is enough to explain larger scale phe-
nomena; synthetic models are not necessary.

(2) Smaller phenomena are basic and larger phenomena merely application.

(3) Laws governing how parls are controlled to perform is teleological and
therefore not scientific and thus must not be studied.

(4) Patterns are subject to random influences and therefore are indetermi-
nate, that is, without natural law.

(5) Because human minds are brilliant, there are no constraints on human
choice in developing systems, that is, there are no natural laws involved in
human roles.

(6) General principles may inhibit science if they make some measurements
unnecessary and training obsolete.

(7) Empirical correlation is objective and safe; models and theory are not
scientific.

{8) General systems theory has been so creative, in 5o many directions, and
with so many languages, and so little related to the ral world that it is more art
than science.

(9) Species and humankind are irreplaceable and of infinite vatue and there-
fore not subject to any numeric evaluation,

(10) Pattern in ecology and economy can be fully explained by comptetive
struggle for existence among unorganized members and individual strate-
gies; higher level organization does not exist.

(11) Organisms in nature are not connected with wires and pipes and there-
fore are not a system.

(12) Ecology only applies physics, chemistry, and thermodynamics and is
not capable of showing the older ficlds new basic principles of energetics and
information.

(13) Since the new ecosystem energetics redefines energy, work, cnergy
quality, and information in new ways, not given in physics and chemistry, it
must be wrong,. \

(14) Ecology only applies models developed by mathematicians and is not
capable of generating new abstract languages constrained by energy.

{(15) The technocrat movement in the 1930's tried to use CRergy as a measure
of value and failed, therefore an energy concept of value is not valid.

PART 1. ENERGETICS OF SELF-ORGANIZING
COMPLEXITY FROM ECOSYSTEMS

Let’s start with the green ecological systems of the carth to illustrate the prin-
ciples by which complexity is related to energy and concepts of EMERGY and
TRANSFORMITY.
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Green Simplicity and Complexity

With Figure 1 we can see how nature’s complexity has been viewed. Figure 1a
shows a ficld crop and is regarded as simple. Most peaple see the green crop
as beneficial, representing the good useful works of humanity. Maintaining a
simple pattern is considered good. In cities the quest for simplicity produces
grassy lawns, even where their purposes are not clear.

In nature there arc repeating patterns of growth called suceession shown by
the growth curve in Figure 1. The first stages of succession are often like the
field crops, simple, with many individuals of a few types that have fast nel
growth of little lasting quality. Agriculture is really a domesticated version of
simple, first stages of succession.

Simple Comples
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Figure 1. Patterns of simplicity and complexity in the green cover of the earth. (a) Sim-
phicity of early stages of succession or domesticated crops; (b) complex vegetation.

.

Figure 1b shows the self-organized vegetation of a later stage ccosystem
which is complex. The complex division of labor is responsible for the good
works it does in maintaining watersheds and soils, but these services by na-
ture are indirect aids to the economy, an underestimated benefit. Tendencies
in present cultures are to simplify the complexity, “to clear the bush”.

Both simple and complex systems are uscful to the landscape. Both require
resources to maintain, in one case to keep simpie and in the other case to keep
complex. Both patterns can form without human management. ‘

Organizing Complexity from Simple Components

$When simple units are combined to make a larger scale functional pattern,
complexity emerges. When viewed as a whole in Figure 2a, the complexity
hides relationships. If viewed without knowledge of the mechanisms, the
complexity might be regarded as uscless and disordered, a pattern to be dis-
couraged and replaced.
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Fipure 2. Complexity due to hierarchy.
() Superimposed hicrarchy;
(1) hieravchical tovels separated.

When the parts of Figure 2a are shown separately in Figure 2b, the systems
now appear simple again. There are units of three size levels. Referring back
to Figure 1b, we can understand the complexity there is like Figure 2, an orga-
nization of parts of many dimensions of size.

The connections between units of the systems in some cases are visible,
such as roots in the soil, but most of the pathways of interaction are invisible
and intermittent, as when bees pollinate flowers or humans speak fo cach
other.

Complexity from Hierarchy

Apparently all systems of the universe are hierarchical, although one cannot
prove such a generality. The complexity that we showed in Figures | and 2 is
due to parts combined in hierarchies. Figure 3 shows what is meant by a hier-
archy. A military organization is a familiar example. Many privates reporl to
cach corporal; several corporals report to cach sergeant; several sergeants re-
port to each lieutenant, ete. Control goes in the apposite direction from licu-
tenant, to sergeant, to corporal, to private. There are many privates and fow
licutenants, but each is necessary to the functioning of the other and to the
performance of the whole system.

Simple Patterns of Complexity
The military hicrarchy is an example of organizing parts with sim ple rules for
relationships. Once the simple rule for organizational pattern is known, the
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pattern to the human mind again is'simple. Perhaps all of science is the search
far the simple rules by which the complexity of the real world is com prehensi-
ble to human understanding,.

Stating rules for hierarchical organization simply and mathematically is o
tield called fractals from Mandetbrot (2), well known to generate complex and
beautiful patterns like those in nature. Simple principles can generate com-
plexity.

The Energy Systems Rules for Hierarchical Complexity

However, unbridled mathematical creations are not nature. and principles
cencerning the real world must come from systems constrained by the reali-
ties of energy laws of real self organization. Here we look 1o the manifesta-
tiuns of energy as they operate in seli-organized ccosystems. Here we find the
simple rules by which nature's com plextty is expressed.

Simple Ecosystems in Microcosms
in 19535 we turned o simple ecosystems that develop in closed containers to
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find the essentials of solf organization and develop basic models with which
the larger ecosystems of forests, lakes, rivers, reefs, and oceans could be com-
pared. We found that once seeded with many available species, microcosims
rapidly developed contplex organization, showing hicrarchics, but simpler
than in the unconstrained big ceosystems outdoors. See micracosm hierar-
chics in Figure 4 and simulation of theirmetabolism in Figure 5 (3).
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Figure 4. Energy flow and transformation inaclosed aquarium ecosystem. (a) Sketch of
closed aquarium; (b) graph of energy flow as a function of solar transformity; (¢} en-
ergy systems diagram of the standard production-consumption model. The cycle and
reuse of chemical materials is shown with a dotted line accompanying the energy
flows. Solar EMERGY and transformities are below:

.

Energy Solar EMERGY Solar Transformity
Path E3 J/day E3 sej/day sej/]
Sunfight used 2000 2000 1
Organic produce 2 2000 1,000
Material recycle 0.002 2000 1,000,000

Aquarium Hierarchy

The model of the aquarium ecosystem in Figures 4 and 5 is shown as a short,
threc level energy hierarchy with much sunlight, supporting plants (produc-
ers) on the left supporting a few animals (consumers) on the right. The figure
shows the way energy is processed, some being dispersed into heat at cach
transformation as partof necessary work in generating units at the next higher
level. Each level feeds services or raw materials back to its supporters {from
right to left in the diagram). The production-consumption minimodel illus-
trates some of the basic plan of ecosystems,
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Figure 5. Simudation of the balanced aquarium in Figure 4 with a model that has lincar
consumption. (a) Energy diagram and equations; (b) simulation response Lo alterna-
tion of light and dark.

Laws of Self Organization

The study of ecosystems suggests principles by which energy tlows gencrate
hierarchies in all systems. From these it was clear that energy laws controlling,
self organization were principles of open systems quite beyond classical ener-
getics, involving a generalization of concepts of evolution in energy terms.
During the trials and errors of self organization, specics and relationships
were being selectively reinforced by more energy becoming available to de-
signs that feed products back into increased production.

Efforts to explain self organization as a selection of designs for maximum
power had been develo;ﬁed by scientific theorists, Boltzmann, Ostwald, Lotka,
and others (4), starting in the last century, but these ignored the different qua-
lities of energy. Work of an intelligent human counted no more than that of a
plant leaf. Now however, insights from ecological food chains help us refor-
mulate definitions of work and an energy-basis of self-organized hicrarchy
that may apply to all fields.

Energy Transformation Webs and Chains

The concepts of successive energy transformation in ecosystems applicable to
anv kind of system are given in Figure 6. The web of connections is aggregat-
ediinto a single chain model to help understand the energetics. As in a closed
aquarium, sunlight is successively transformed from light to plant organic
matter to herbivore, to carnivores, etc. At each stage energy is degraded as a
necessary part of transforming a lower quality energy to a higher quality one
in lesser quantity. The energy flows decrease as one goes up the food chain
(Figure 6c).
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Like the military organization, services and controls are moving back down
the hiera rc].w_v. Large animals control the more numerous smaller organisms by
their behavior, by their placing of waste products, by their wavs of eating, by
their control of pollination and seeding, and reproduction of those under thejr
control,

Aforest is a hierarchy with the sunlight being concentrated by feaves which
converge their products to twigs and limbs-and these to tranks. In turn, the
trunks feed their support and materials back to limbs and these to the leaves.

Lcosystems, earth sytems, astronomical systems, and possibly all systems
are organized in hierarchies because this design maximizes EMERGY use (see
explanation below). These systems look different until thev are drawn with
energy diagrams. Most systems have a chain ofenergy transformations like an
ccological tood chain, where plants feed consumers, which feed second level
consumers, and these even higher level carnivores,

Solar EMERGY

[n order to put the contributions of different kinds of cnergy on the same
basis, we express all resources in terms of the equivalent energy of one type
required to replace them. A new name is defined (5):
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EMERGY (spelled with an “M7) s detined as the energy ol ane type re-
quired for a flow or storage. In this account solar EMERGY is used.

SO AR EMERGY of a flow or stovage is the solar energy required to pener-
ate that flow or storage. Its units are solar cmjouldes,

For example, all the flows (average considered as a steady state) in the
aquarium in Figure 4 depend ona solar EMERCGY of 2000 E3 solar emjoules per

day.

Transformity, an Energy Measure of Hierarchical Position

Extending food chain concepls to thermodynamics generally, we defined a
new quantity, the transformity, which s the amount of energy of one tvpe re-
quired to gencrate another type (in real competitive conditions of optimum
loading for maximum power) (6},

Transformity is the EMERGY per unit energy.

In this essay, solar franstormities are ased:

Solar transformity is the solar EMERGY perunit enerpy.

In Figure 6d is graphed the solar transtormity of cach stage in the encrgy
transformation chain, The solar transformities increase as the influences con-
verge in the hierarchy. As the energy decreases, the solar transformitics in-
crease.

For another example, see the military hicrarchy in Figure 3¢ where the solar
transformities increase as the numbers in the hierarchy decrease.

Mississippi River Stream Hierarchy
Another example of an energy hicrarchy is given in Figure 7 adapted from
Diamond (7). Here the geopotential energy of rain is used by the streams as
they are transformed to higher quality of larger concentrations. Solar transfor-
mities increase as the energy decreases.

Size and Turnhover Time Increasing with Transformity

I a real hierarchy many units of smaller size and territory converge to a fewer
number of larger size and territory. Larger items have longer turnover times
also. For example, in Figure 2b the small items are those of small territory,
rapid turnover, and low transformity. What sometimes appeared as incompre-
hensible complexity (Figure 2a) is the manifestation of simple hievarchical
organization.

EMERGY and System Performance

By using tronsformities to find the solar equivalents for all kinds of enerpy
flow, all flows of energy can be compared by expressing them in quantities of
energy ot one type, The encrgy of one type required for another flow is de-
fined as the EMERGY of that type. Thus the concept of solar EMERGY was
recognized as the solar energy required for any process (directly and indirect-
ly).

Sell organization appears to develop designs that maximize EMERGY use
because such designs produce more, consume more, are limited less, and can
prevail more. In other words, EMERGY appears to be a scientific measure of
value in contributing to survival success of a system’s designs,
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Figuere 7. Hicrar-
chy of water flows
in the Mississippi
River basin adapt-
od from Diamond
(7). {a} Sketeh of
converging streams;
(b)) energy flows;
(c) solar transfor-
mity.
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Self-organized Designs for Maximum EMERGY Use

The principle of design for maximum EMERGY use explains why systems of
many kinds are similarly organized. This is a more rigorous expression of the
old maximum power principle. By developing networks of cooperatively in-
teracting units arranged hierarchically, all work goes into products and ser-
vices that further improve available resources and efficient use, See, for exam-
ple, the producer-consumer plan typical of most ccosystems found in small
aquarium microcosms (Figure 4).

Energy of sunlight drives the photosynthetic part of plants which contrib-
ule products to the consumers in parthway from left to right, which feed their
byproducts back as necessary nutrients to stimulate the plants. There is a sym-
biosis between one end of the food chain and the other. Each is mutually stim-
ulating,.

Figure 5b is a computer simulation. As the light goes on and off with day
and night there is a pulse of stimulation alternating between the production
and the consumpltion. Without the coupling of production and consumption
the total use of sunlight would be less. The organization of processing in-
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Figure 7. Hierar-
chy of water flows
in the Mississippi
River basin adapt-
ed from Diamond
(7). (a) Skelch of
converging streams;
(b) cnerpy ltows;
(¢} solar transfor-
mity.
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Autocatalytic Designs Expressing EMERGY Rcmlult'i'l"l‘““):_mhmI_nn "
The reedback of a product of cnergy transformation to amphly : emical rc-
sutocatalysis, an expression used for many years for one s |A"'—"_" ,‘ _ ‘” nr“ i
actions. /\ulocatal)/tic designs result from [iMIiR(_‘.Yf”""'””/'r.',\}1 ls-km%f(:;'lm 1-
sation. The real webs that are obscrved not anly have the "'"__"}}’): lh i “ﬁ “”‘1_
tion chain of the model in Figure 6, but have the feedba b fris ; l '”riL ¢ L}ntlil

wavs) shown in Figures 8a and 8b. These use a small arnount 1‘1 ;::llﬂln ‘“.0}_’
enc:rg}’ to amplify (usually with multiplicative kinetics) the E;“.);.ﬂ An()thcr
cesses (shown with the pointed-Dblock interaction symbyrd)y ot TheIeTn ral cy-
nind of feedback is the recycle of necessary materials te meth e mmerat ey
cle See for example, Figure 4 of the closed aquarium

8o {nuacteristic ecosystem
‘ h maximize EMERGY
and pawst, () design with tv_vo
sources, cretny hwralrchy, and re-
cycle; (b) typr al dcta_lls of one au-
{a} tocatalytre vrl (Lox) in (a).

Figure
designs v

Foedback ?g?:é:j Suppor! for High

Higher Level Transformity;
:@ Lorge, Few, Sl

o Resaurces

Himination of Limiting Factors by Application ¢ .
: i oree of whatever is limit-

Feosvstems and economic systems tend to provide m _ _
0 to maximum production and useful consumption. 11, 11 differentsitua-
tions they may build biomass, store nutrients, develop variety. <becomc com-
plex, earn profit, generate information, export products, Or C_”CUIatC more
money. Redirecting resources to eliminated limiting [artor> 1S @ common
mechanism of self organization for maximum power.
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Solar EMERGY and Value
EMERGY is a measure of value in the sense of what has been contributed. Hois
an hypothesis that sell-organizing systems use stores and flows for purposes
commensurate with what was required tor their formation. To do otherwise is
o waste resources, making products withouat as much eifect as alternative de-
signs. Thus EMERGY appears to measure the vatue of a flow or storage o a
system in the long run after self-organizing selection processes have been at
work, Enerpy is not a measure of value, because the highest valued processes
such as human services and information have tiny enerpies, but EMERGY
daes measure these contributions appropriately. See Part 11

As apphlicd 1o the economic system, the more EMERGY use there s, the
more real work is done, the higher is the standard of living, and the more
moncey can buy.

We may restate the maximum power principle that systems designs provail
that develop maximum EMERGY use. Perhaps the appropriate name is maxi-
mum EMPOWER (5).

Useful Work as Energy Transformation

Often the early workers in a field are closer to the truth than those who fotlow
who elaborate on some one aspect of detail with precision, but mistake the
particular for the general. Early investigators such as Maxwell defined work as
an energy transformation, whercas many thereafter dealt with the particulars
ol mechanical work only. The more general definition of work as an energy
transformation applies to all kinds of energy changes. Since systems will not
long continue energy transformations unless their products feed back to in-
crease mutual coupling and maximum power, most work that is continued is
useful, where useful means that the product or service is linked to other parts
of the system s0 as to reinforce and inerease system performance (maximum
power principle) (6).

For work, an energy transformation, to be uscful it must have some proper-
ties of higher quality that make it capable of being an amplifier. It may be a
maore flexible type of energy, a more concentrated one, or one with more stabil-
ity, foree, or transmissibility. [t follows that work in real systems normally gen-
erates higher quality energy while dispersing part of the encrgy input.

Energy Quality and Solar Transformity

With the concept of transformity we have a scale of energy quality that indi-
cates the position in the energy “food chain”. The solar transformity is the
solar energy required to generate one unil of energy of another type. The
higher the quality of energy, the higher the transformity. Solar transformity
increases as one goes from sunlight to plankton to fishes, to people, to hu-
mans, to information, cte. (8),

Solarenergy may be accumulated in one square meter for a year to obtain a
concentration of the transformed product, organic matter. Or, the solar en ergy
products for one day may be gathered from 365 square meters to that one
square meter with similar result. There is a space-time equivalence in energy
transformation.
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Solar EMERGY Basis of the Earth

In Figure 9 is the web of energy flows of the carth in s support of the whale
biosphere and thus the human cconomy. Noteee the two main sources, the
direct sunlight and the sources of radioactive and residual heat that drive the
deep earth’s geological convection, The sun's input is abundant bul low in
quality; the deep heat is at high temperature, high tn quality. Expressed as
solar EMERQGY (after multiplying each by its solar transfiormity), the contribu-
tions of the two are similar. The solar EMERCY of the earth is used to deter-
mine transformities of higher quality flows that are part of the global system
of the biosphere which has deveral billion years of past self organization (9).
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Figure 9. Main energy sources of the
biosphere and earth’s crust before the
fossil fuel era. {a) Rates of encrgy flow
cstimated from Sclater et al. (9); (b) s0-

lar EMERGQCY flows.
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A Table of Solar Transformities

Givenin Table 2 are solar transformitics calculated from energy analysis of the
existing web of energy flows on the planet. For example, the transformity of
chemical energy in rain as it falls (5th item in the table) was calculated by
dividing the global solar EMERGY per year from Figure 9 by the estimate of
avicage Gibbs free encrgy in terrestrial rain water relative to sea water. The
hicrarchy of energy of the biosphere beginning with sunlight is shown by the
lincreasing sofar transformities as ane goes to living organisms and then to
humans,
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A forest receives direct sunlight, wind, and rain, cach resource contributing,
1 different form of encrpy. When these are all expressed in solar EMERGY
units, the rain is often found to be the largest. In other words, more sunlight is
involved elsewhere on carth over the oceans in bringing the rain to the system
than is received by the forest direetly (10).
Table 2. Typical Solar Transformities (solar emjoules per joule)*

ltem sej/}
Suntight ]
Wind kinetic energy 623
Unconsolidated organic matter 4,420
Geopotential energy in dispersed rain 5,888
Chemical energy in dispersed rain 15,423
Geopotential energy in rivers 23,564
Chemical energy in rivers 41,000
Mechanical energy, waves, tides 17,000-29,000
Consolidated fuels 18,000-40,000
Food, greens, grains, staples 2.4,000-200,000
Protein foods 1,000,000-4,000,000
Human services £0,000-5,000,000,000
Information 10,000-10,000,000,000,000+

* Eor sources and calculations, see Note (1T).

Goals of Self-Organized Systems

If the self-organization process generates designs that maximize power, then
we can say that sclf organization sets aggregate performance goals by reinforc-
ing those parts which contribute. The designs that maximize performance are
necessary complexity of existence. If performance of parts is predictable from
designs and mechanisms at a higher hierarchical level, models at the higher
level may predict performances of the lower level.

It may be time that the anti-telcology taught to biologists (teleological think-
ing is a sin) be put aside, recognizing that mechanisms of a larger system, by
reinforcing those components which contribute, give the smaller units goals.
Perhaps many scientists carefully tutored to deny that systems have goals are
thus blinded to important generalizations. Only by making measurements do
we gel answers to questions posed to nature, but only through models on a
larger scale can we find the questions to ask.

Functional Complexity

After arrangements of parts and connections have been selected by trial and
error testing to make a system function best, complexity may result that facili-
tates the system’s process. Since all processes involve a flow of energy, com-
plexity is useful when its arrangements facilitate encrgy flow. Beacuse we can
see parts and what they are doing in the ecosystem and cconomic system, we
can be more definite about the important roles for complexity in these realms.
Whether complexity in other aspects of nature is functional or not i5 a contro-
versy, which is considered in Part IV after general models are considered next.
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PART II. MODELLING COMPLEXITY

Concepts of science, expressed in riporous ]dl’l}',ll.l;’,(‘,r hecome models; and if
mathematics can adequately represent principles of energy causality, then
generalized models may represent many kinds of hiving and non-living sys-
tems. If the self-arganization mechanisms thal maximum power inall kinds of
svstems can be modelled correctly, then computer simulations can predict the
p'arametcrs to which the systems of various types are guided during sell orpa-
nization. In Part 1 madels that may emulate self organization are considered,
deriving clues to designs from the comparative study of ecosystems and their

performances.

Maodels Unite Structure and Time

Human minds use computer simutation models to represent the way seli-or-
ganizing systems change with time. If a model represents the major retation-
ships correctly, graphs of propertics with lime resemble the observed ones.
Thus, the design of relationships in the structure of models is also a way of
representing performances in time.

Calculators or Emulators

Some people use mathematical models to combine observed facts as a way to
predict —in ather words, as a calculator. This may not show the future because
the real ecosystem reorganizes with different specics and new patterns not
predicted by a model describing past characteristics.

A different kind of model emulafes self organization and maximum power
reinforcement. The emulation model generates the performance into which
the parts are constrained to become organized so as to maximize power. In
other words, the successful model has the mathematics of maximum power
organization that reinforces production and coupled consumption processes.

The essence of self organization is automatic reinforcement of available
choices. In ecosystems the multiple choices are the information in the species
and their genetic variation, which allows many possible types of pathways to
be tried out {12). Hence models should have many kinds of mathematical
terms, one for each type of energetic pathway, so that the system can automati-
cally use the pathway combination that draws maximum power. As simula-
tion proceeds, cach pathway increases in flow during that part of the time
when it is mathematically appropriate. For example, Figure 10 has three path-
ways in parallel, cach of which dominates the power use for a particular range
of available energy (R, unutilized energy flow).

Modelling from the Top Down

With emulation, main processes of ecosystems are to be represented by mod-
els that contain all the mathematical pathway types that go with setf organiza-
tion. These configurations may simulate the overall performance without
dealing with details of ali the scparate species. The spectes and mechanisms
which achieve the maxium performance may be different in cach case, repre-
senting fine tuning of self organization. To predict the detail, one may first
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model the performance and then separately identify the species which are
adapted to that crrcumstance. This has been called modelling (rom the top
down. Nat all ccologists believe this is possible (13).

Certatnly, we do not yet have all the configurations of self organization
mathematically identificd, but some designs universal to enerpy processing
scem empirtcalty and theoretically established.

Autocatalysis
A design that uses power Lo reinforee production is autocatalytic. See cxample
inFigure 0. After energy is transformed into a new product, this higher qual-
ity energy is used back in the production process again. In feedback amplifier
actions that reinforce tlows, a small amount of energy has a large effect as a
multiplier. Things that reproduce such as living species and cconomic units
are autocatatytic. The components of ccosyslems are autocatalytic, as well as
the designs of these components in the ecosystem (Figure 7).

As also shown in Figure 10, the feedback may be a higher order feedback
amplifier with a quadratic (proportional to storage squared) or higher power.
These become more important at higher available energy levels.

Self-Qrganizing Competition

tuadralic
Autacataiytic

Dispersed
Energy
{9) '
| )
/]/ A\) : ]
;//“‘f\\ : - . .. . .
R - i Figure 10. Simulation of competing math-
o ' ematical pathways in which higher pow-
Dol L. | ers (larger exponents) prevail with higher

S : power sources (greater energy availabil-
ity). Abbreviations: L, lincar power flow;
A, autocatalylic power use; Q, quadratic
autocatalytic power use. Lowermost simi-
ulation graph has the least available
source energy; uppermost graph has the
o) most source energy.

T, yuars
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Mathematical Pathway Selection by Power Level

When a systems model is provided several kinds of pathways cach of hipher
complexity for its production and consumpiion, the one which carries the
most flow is a function of the energy provided. At low energy the simple path-
way mathematically carries the most flow: with more ¢ nergy availabte, higher
corﬁplexit}’ pathways take the predominant flow, See Figure 10b (14).

Other phenomena that fit these m.nlwnhﬂi(_‘ally defined, encrgetic depen-
dent criteria are the switching from laminar to turbulent flows, the shift from
non-living to living units, and the switch from simple feedback growth to
cooperative actions of populations such as those studied by W.C. Allee (14),

Although Figure 10 is useful for showing how mathematical competition
can self organize maximum power input, real systems have hiera rchy and re-
cvcle pathways like those already shown in Figures 4 and §. Special properties
of autocatalysis result,

Autocatalysis in Hierarchy Requires Linear Inflow

When an autocatalytic unit is partof a production-consumption system with a
feedback necessary to lower level production as in Figure a, the system will
not operate. Since the production depends on the consumer's feedback and
vice versa, the system cannot get started in growth. If, however, there is a
steady, linear flow from production products to the autocatalytic unit as in
figure 11b, then both production and consumption can grow until a level is
reached at which higher order processes can function. At that point consump-
tion accelerates as a frenzy. The finear-au tocatalytic consumer unit is shown as
part of a producer-consumer model in Frgure 12

T Figure I1. Autocatalytic designs. (a) A unit that

4
¢ .
) ko cannot grow; (b) a unit with lincar and autocata-
* Iytic pathways that pulses; (c) a unit with lincar
el consumption and recyele that does not oscillate.

This may be why consumer populations in ccosystems have two or more

modes. Oneis a benign consumption like forest feaf herbivores that takes only
] . . - .

about 7% of the products and can maintain a presence; the other is an epidems-
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(c)
ic phase in which rapid autocatalytic growth rapidly consumes available stor-
ages after which it has to return to benign mode. The swilch in some cases
represents a substitution of species. In other cases such as locusts, it is a phys-
iological switching within one species. This example shows how energy-con-
strained models explain why the species patterns have become organized as
they are. The model emulates the system’s overall performance without in-
volving the component mechanisms because the performances of the parts are
constrained by the larger scale design.

Temporary Role of Malthusian Growth and Competition between
species

Because autocatalytic feedbacks maximize power when cnergy levels are high
enough, they are capable of periods of sharp, nearly exponential explosive
growth with accompanying decimation of available foods or fuels. This prop-
erty described by Malthus is a model of what happens when there is no
furtherorganization. Unlimited growth does contribute to targer system func-
tions in carly succession by getting life started as quickly as is possible. Only
in these brief, unregulated pioneer stages is unlimited competition useful in
generating maximum power. See Figure 1a,
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Priorities for Maximum Power Altruism

After initial periods of simplicity (Figures taand 1}, selt organization forms
svstem designs organized hicrarchically. Each unit connects with the realm of
S;naller Compunonls thal contribute to their support and to the Iarp,cr realm of
which they are a part, which has consumers of larger dimension and effect
{Figures o and 8). Continuing the maximum power arguments, we conclude
that the designs that continue become symbiotically coupled both to the
smalier and the larger realms, because t]wjlddilmnal pathways and division
of labor increase total system power and efticiencies.

Figure b shows the symbiotic exchange connections which enable an auto-
catalytic consumer unit to maximize larger system power. After transforma-
tion of input encrgies inta production and storage, cach unit’s products and
services are fed back (to the left) to the lower level in the hicrarchy and for-
ward (to the right) to the next level in the hicrarchy. Both of these outpuis
reinforce the return flows that converge on the unit’s production process (I°).
We can call the maximum power designs that promote system continuation,

system altruism.

The Self-organizational Tuning of Production Functions

When more than onc input of different type and energy quality is required to
generate production, each is a potential limiting factor. Performance is maxi-
mum when the feedbacks of high quality resources are assigned so that no
one of the necessary inputs is more limiting than the others. Known in both
ecology and economics is the principle that production is maximized when
the partial dertvatives (marginal effect) for contributing inputs are the same.
In other words, maximum performance occurs when no input is more limiting
than any other.

Tripartite Altruism for Units in Hierarchy

In Figure 8b are three inputs to a unit’s own production process, the selfish
input of its own, the return flow from the left, and the return flow from the
right. Production is maximized by dividing the outputs from the output
among the three pathways so that no one of the returning inputs is limiting,
In other words, a three way distribution of output may generate maximum
performance and continuation. This might be called “tripartite altruism’” -
ome third for the producers, one third for self, and one third for the larger
systems controllers. Supporting the rest of the larger system is the higher self-
ishness.

The Production-consumption Model
With Figures 4 and 5 we viewed the ccosystem with an aggregated maodel
containing a symbiosis between production and cansumption coupled with
service and recycle. The consumers are higher in the hierarchy toward which
products converge and from which services and valuable materials diverge.
The economic system is similarly simplified as a coupling of production and
consumption with the circulation of moncey as well as materials.

With lincar consumption-recyele pathways (Figure 11c¢) models are stable,
responding to on and off energy inflows by charge-up and discharge of stor-
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ages (first order equations in textbook fashion). Patterns are like that in Fipure
b Variations of this model have been successtul in representing the rise and
fall of oxygen and carbon-dioxide during the day and nipht.

The lincar consumer pathway can represent populations of autocatalytic
consumaers if they are tiny with fast turnover times relattve to the time scale of
the system. For example, populations of bacteria collectively maintain a path-
way with flow in proportion to storage even though their own growth is auto-
calalytic on a shorter time scale. BOD (biochemical oxygen demand) proce-
dures are based on this concept.

Steady State Paradigm

When the production - linear consumption model (Figure 5) is simulated for a
longer period (Figure 13a), there is a period of growth of production, followed
by growth of consum ption until both level in a steady state with energy pro-
cessing through the system and materials recycling. The growth period may
go through a maximum depending on the initial conditions, soon dampened
out. We found these patierns in some microcosms where there were no long-
period autocatalytic consumers {3). This model became a textbook concept for
growth and climax in ecology (15). The consumer pathways are lincar and this
is appropriate where pulses of growth and oscillation are only among small
consumers, too small in time and space to affect the overall material budgels
on the time scale of study. They cancel cach other, are averaged out, and ap-
pear as noise.

Cid Chinas e Figure 13. Comparison of two para-
’ digms for self arganization and

growth. (a) Net prowth followed by
climax state; (b) pulsing alterna-
tion of production and consump-
tion.

fNsuets

Consumers

Years -

tal

New Butsing Jdeas

Cotramers

Years -

(ty)

A Pulsing Paradigm

However, if available consumers are larger and thus with longer turnover
times, the production - consum ption modet in Figure 12a is appropriate. The
autocalalytic units develop surges of growth and causce the system of produc-
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production and consumption. The simplest model for this, provided by 'i“h.n
Alexander {16}, had a lincar and simple autocatalytic p.?lhw.]}_r,_/\s s.hnwn in
Figure 12, periods of net production are separated by periods of frenzied auto-
catalvtic consumption.

A similar one in Figure Hincludes a quadratic autocatalylic ]mlhway.( 17}.
Depending on the coefficients, tha.l model 3;9ncralcs cither the classical ch!nax
paradigm (Figure [3a or the pulsing paradigm 13b). In Ulh(’l." words, minor
changes in rates and setting that correspond to presence of d:ff.crcnt species
can switch the sysiem from one pattern to the other. The maximum pm\'rf‘.r
theory suggests that whichever regime draws more resource with mare offi-
cient use, is reinforced and prevails.

Consumers

vl g RIS o 1 wr by f
BRREE 51 RN

Froducers
. g

Figure 14. Example of pulsing spatial simulation by John Richardson {17} in which
each spatial cell received input from the pulsing consumer and intereell diffusion.
Above: succession of spatial paticrns with Producers (I°} in broad support area and
Consumers (C} in hierarchical center; middle: time graph; below: energy systems dia-
gram.

Optimum Frequency for Maximum Power

Extensive computer simulations of the production-pulsed consumption mod-
ch{Figure 14) by John Richardson {17) show that over a wide range of available
energy, power is maximized by the pulsing pattern. There is an optimum fre-
quency for maximum power, but the design draws full power over a wide
range of coefficient settings. Frequencies are controlled by small changes in
coefficients of the kind that represent substitution of species. Hence, sell orga-
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nization occurs far optimum requency. In other words, there are frequencey
niches tor speices.

There is precedent in other sciences for increased performance with puls-
ing. Sce, for example the studies of photosynthesis in flashing light, the puls-
ing of batch processing in chemical industry, papers of Rinaldi, ote. In ecolopy
there is now adarge literature showing that pulsing is the normal pattern, if
the system maxintized power when tuned for pulsing, it will be the design
that generally emerges in self organization.

One can visualize why pulsing can maximize long range performance with
the example of farmer's cattle trazing a pasture. By keeping cattle at a mini-
mum level the grass can grow thick and maximize its use of sunlight, rain and
nutrients. Then consumption can be done quickly s0 as nolto interfere with
continued production. The materials are thos recycled without delay 1o stinu-
late another round. Pulsing keeps production and consumption from interfer-
ing with cach other,

Increasingly, studies of ceosystems are showing a pulsing paradigm as the
most general one in nature (Figure 13b), Sometimes the pulses are generated
by the consumer animals and in other cases by long period oscillations from
even larger systems such as floods, landslides, hurricanes, cconomic, and har-
vest eycles. A self-organizing system can organize around an available source
of pulsing or develop its own,

Pulsing in Time Correlated with Territory and Hierarchical Position
Consumers can be defined as units one or more energy transformations high-
er i the hierarchy than producers (to the right in energy systems diagrams).
Spatially consumers representa convergence as suggested by the sketch at the
top of Figure 6 and Figure 12¢. Consumer feedbacks are a divergence, Con-
sumers are a step larger, have longer turnover time, and longer lerritory of
supportand influence. Size-time correlations are long established for biologi-
cal units, atmospheric units, geological units, cte. In other words, there is a
correlation of size of units and their territorics with time of turnover. Since the
turnover time is the principal mathematical property that determines the fro-
quency of pulsing, the time of pulsing is correlated with the hicrarchical posi-
tion and transtormity of the consumer centers,

Models for All Scales

A general systems simulation modellike the pulsing one in Figure 12 (sce also
Figure 28b) can represent any scale of size-time. For the same model running
o1 a computer, a second may represents a microsecond or a billion years.
However, when one changes the time scaling, one changes the EMERGY that
the flows represented by that factor. Time scaling is energy scaling. The en-
crgy scaling factor is the transformity. Mathematically and energetically de-
fined, se]f—orgdnizatr'on—cmuIating models may apply to all scales of size and
time.

Patches and Complexity
Since the territory of a pulsing unit is preportional to time of pulsing, a hierar-

chy of different sized units superimposed as in Figure 2 praduces bare pateh-
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Pulsing Spatial Models

Whereas the model and stmulation in Figure 12 have the dispersed producers
and the concentrated consumers aggregated, the spatial performance of these
refationship may be simulated, as recently done extensively by John Richard-
son {17). With different means for the timing and sequence of consumer feed-
backs (representing material recycle, behavior control actions, patterns of con-
sumption, etc), different spatial patterns emerge, which are most sugpestive
ot spatial patterns and patches in ecosystems that are often attributed to inde-
terminate species randomness. See one example in Figure 14

Higher Level Pulse Controls

Producer-consumer models like that in Figures 12 and 14 represent only two
stages in the energy hicrarchy. Pulsing is also going on at higher levels of the
hierarchy with lenger periods than those of the system that may be of interest.
When the pulses occur, the whole system is caused to puise, whereas pulses in
smaller realms are easily absorbed withou! much perturbation. The oscilla-
tions of phytoplankton are absorbed by the zooplankton consumers, whereas
oscillations in populations of fishes cause every level to pulse including the
nutrients and phytoplankton. See for example the simulation of an cstuarine
lagoon ecocystem in Figure 15, running on constant inputs but with consumer
oscillations at the top of the chain pulse all levels, cascading the effect of the
larger animals downward. For units like phytoplankton with short turnover
time the long sustained pulses from higher level appear as calastrophes.

Ecosystems as Energy Maximizing Filters

For self organization to maximize power where there are pulses coming into
the svstem from higher levels in the hierarchy, there must be adaptations to
absorb and utilize energy. Examples are floodplain plants that are adapted to
various hvdroperiods and desert organisms adapted to rainfall events. Exten-
sive theory in electrical engineering has concerned filters usually for remov-
ng pulses as unwanted energy, whereas the theory which is relevant for self-
organizing systems concerns the designs for maximum energy utilization. In
¢ sense, an adapted ccocystem is like an FM {frequency madulated) radio, self
organized to receive whatever channels are incoming from the environmental
resources.

Daniel Campbell (18) simulated the responsce of basic ecosystem configura-
tions and producer-consumer hierarchies to pulsing inputs of various power
and trequency. He studied the response of a salt marsh ecosystem model cali-
brated with time constants from observed data. A version of the Bode sraph
was used to relate the power of the inpuf oscillations to that absorbed (used)
by the system. Over a wide range of frequencies of inputs, the ccosystem
model maintained an ability to filter and use available inputs.

1]




M uae

"‘ Yield

" Net Praduction

\.

Shrimp

Stmall
Consumers

Detrifus

Net Primary )
Production Lo

Figure 15, Microcomputer simulation of an estuari nelagoon ccosystem in which inter-
nal oscillations of higher, long period consumers cause the whole system to pulse in-
cluding nutrients and phytoplankion components, ta) Energy systems diagram; {b)
simulation graph with external sou rces constant.

Inertial Pathways and Oscillators

[cosystems and especially human systems have behaviors that respond to an
impetus with a negative acceleration. Such pathways have the same math-
ematics as inertialfforces in mechanics and inductive impedance in electron-
ics. In other words, ecosystems have stubborn pathways and units. In elec-
tronics such units are used to give systems desired design properties for tim-
ing of oscillations and filters to control oscillations. The stubborn properties
in ccosystems may have similar roles.

Paul Zwick (19) developed simulation models involving inertial accelera-
tion and oscillators, considering how basic cecosystems with such properties
respond. By adjusting timing characteristics of internal oscillator configura-
tions, optimum values for maximum input energy were found. A survey of
some of the extensive literature on physiological time clocks suggest that in-
ternal oscillators are widespread and are a species characteristic. For sources
with different frequency characteristics of available energy different species
may be adapted. Thus, ccosystems may develop those spectes capable of us-
ing these sources.
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Complexity of Causality

In Part 11, basic patterns of hicrarchy, production, and consumption when
simulated with computer models, using turnover ttmes and enerpy con-
straints of the real world, generated patterns in space and time thal most peo-
i_wle would regard as complex. The designs that emulate sell organization gen-
erate many observed features of complex systems (200, The maodels used are of
dvnamic, causal, mechanistic type, not empirical, statistical or indeterminate,
in Part 1 next we consider complexity, information and its measures, and
questions of randomness, before considering ithe human in the cconomic SVS-

tem.

PART III. COMPLEXITY AND INFORMATION

A system is complexif it has many parts and connections. | seems complex to
humans because so much is hard for the mind o grasp. [n Part I, consider
measures of this complexity and its relation to informaiion and energy. Eco-
system examples help us clarily measures of information and their relation-
si1ip to energy, EMERGY and transformity.

If there are many parts, there are many possible arrangements and possible
connections. The situation ts complex, whether arrangements and connec-
tions are specified or not. If parts and connections are arranged in a particular
way, itis regarded as complex whether the arrangement has use to the system
or not. Complexity is a neutral word so far as implications of organization or
utility. First we need to review some old and new measures of complexity in
the ecosystem.

Possibilities for Measuring Complexity
One way of measuring complexity of a system is to enumerate the possibili-
tics inherent in the available parts.

Possibilities: One measure of complexity is the number of parts, the number
of possible arrangements of the parts, and the number of possible connections
between parts. The number of possibilities is a measure of the complexity,
whether things are organized or unorganized, whether the organization is
known or unknown. These numbers measure complexity of a situation
whether there is an operating system or not. The complexity in a working
radio is measured by the possibilities for that set of parts and wires, whether
they are connected and operating or disconnected loase in a box.

Logarithm of the possibilities: Another long-used measure of complexity is
the logarithm of the possibilities. This is a mathematical formula which calcu-
lates units in “bits” {21} One bit is a simgle choice. A coin has a complexity of
I bit because there is a choice between heads and tails. I a road has 3 succes-
stve forks, it requires 3 choices 1o reach a destination, The road has a com plex-
ity of 3 bits. If a system has no choices, there are zero bits.

“Information” Content as in Information Theory

Some of the measures of com plexity are part of a branch of mathematics called
‘information theory™. As used in that field, the word “information” has much
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rarresver meaning than it has in reneral English usage. The word refers tathe
logarithm of the possibilitios as already defined It mueasures uncertainty or
certainty. It measures complexity but not necessarily uselul knowledgo.

Separation of Functional Information from Its User System

A netwaork of species relationships in an ecasystem or a network of compao-
nentsinaradio have measurable complexily, The complexity of theira reange-
ments may be measured with bits, This is a property of the system.

The plan of their arrangements can be extracted and writton on paper, on a
computer disk, or in coded genes. This information, now separaled from the
real operating system, can still be measured in bits. The information aboui
rclalionships may be in a dormant, unused form, stored in a book. Or if the
relationships are in operation, the information is in applied form in the con-
tigurations of the real user system,

Utility of Functional Information

Information is the essence of relationships stored in compact{form which may
be used to contigure much larger compaonents. When functional information
15 extracted, it has utility when it is fed back to control and organize a systems
of parts again. The relationship of information 1o its supporting system is
siven in Figure 16, showing the process of senerating the information and its
role in feeding back to reinforce its own maintenance and replacement. The
arrangements which are useful have been through a process of testing and
selection. Operations that used energy were required before the best func-
tioning arrangements were found.
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Figure 16. Diagram of information storage and its relation to copying, depreciation,
and feedback for use and amplification of production. Equations:

Resourees: AR/dE = 10 - kO*R*A*N . k5*R

Assets: dA/dE = KT*RF AN KA - k7"A'N*N

Information-  dN/dt = KO*A™NTN - k4'N - k9*R*A*N + K3"R*A*N
(a) Systems diagram; {b) simulation of the system with information time constant ten
« times that of system assets,

Miniaturization of Abstracred [nformation

When a functional plan is abstracted from its using system as isolated infor-
mation, it may be miniaturized. Thus we represent the plans for networks oy
the switching controls of networks in small spaces in brains, computer chips,
memory disks, etc.
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The extracted information has less energy than the parts it arranges. The
information emerges as a product supplied by the parts usually using their
energies. Since the information must control parts over larger areas (to justify
resources required) and since information has less energy, it must be minia-
turized or otherwise economical in spreading function over a larger area.

Energy Accompanying all Information

Information requires a carrier and the carrier has energy. It is not possible to
separate information from a tiny bit of energy. The configurations of letters in
books, messages on telephone, computer memorics are all dependent on what

is used to carry or store them.

Information is Pattern Which is Cheap to Copy

Another defining characteristic of information is that it is casier to copy than
to generate a new (22). Notice the copying loop in Figure 16. Whereas large
flows of energy are required in the trial and error development and selection
process for the first time, little energy is required for copying. Once the func-
tional information is copied, the whole system can be built or repaired from
the plan with little resources.

Information Storage and Depreciation
Information cannot be stored without some carrier, paper, computer disks,
human minds, geologic materials, etc. Since anything that can store informa-
tion has to be different from its surroundings, the carrier of information pos-
sesses some concentration difference and may depreciate, especially when
their carrier depreciates. Some information is also depreciated by its uses.
Since material arrangements tend to disperse, there is a depreciation of infor-
mation that goes according to the dispersal rate of the information carrier. To
maintain information one has to copy it to keep up with the depreciation.
Wherever there is a storage, the processes at smaller scale cause dispersal of
information because the material carrying the information is being dispersed.
In other words, information is highly subject to depreciation caused by the
second law and by uses.

EMERGY as a Measure of Information

Much work is required to develop and maintain functional information (Fig-
ure 16). Information is the essence of relationships stored in compact form,
which may be used to configure much larger components. After a self-orga-
nized system works, its plan may be saved, stored, and reapplied to develop
another such system. Work was used to develop the operating system. The
process of abstracting and storing the information in the plan also requires
work.

The solar EMERGY used up in the self-organizational process of trial and
error is a measure of that information. EMERGY of new information is that of
making the choices, of making the selections based on tested use. The solar
EMERGY of the development operation is a property of the resulting useful
information. The more work required, the higher is the EMERGY of the prod-
uct. EMERGY is a measure of the functional information of systems.
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EMERGY to Maintain Information

EMERGY flow required to maintain information in storage is the EMERGY
required for new information inflowing plus EMERGY of copying to maintain
it. See Figure 16. An example is the EMERGY contributed when a library re-
ceives new books and also has to repair and replace (recopy) old books.

Resource Limitations on Complexity
ifinformation depreciates and has to be continually recopied and readapted to
changing circumstances, there is a substantial EMERGY requirement for its

Compilexity (the possible arrangements and connections} increases rapidly
with number of units. If EMERGY of maintaining, copying, adapting, retriev-
ing, applying information 50€S up proportionately, then a limit to information
use is reached before complexity gets very high.

Solar Transformity of Functional Information
When the functional information of a System is isolated and placed in memory
storage, its solar EMERGY is raised, but the actual energy associated with its

High Solar Transformity of the First or Last Copy

If there is only one copy of information in existence, it has all of the solar

Small Solar EMERGY of One Copy Among Many

Since little efforts is required to make a copy, the solar EMERGY of 4 copy that
is not the last Ccopy is small, that of a small amount of energy, materials, and
service in making the copy.

Shared Information

After information has been copied, it may be shared. The same information
then has a larger territory, a greater area of influence, and a slower depreci-
ation rate. Considerable additional work must be done to develop the shared
status. Thus, the shared information has higher EMERGY for maintaining the
same information in the shared status.

Information Territory
Shared information May achieve larger territories and influence when it is
smaller and cheaper to copy. The shared genetic information in the popuia-
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a system. Solar transformities are given for lhe.mllnary. le_rarn iyn B ugre .
(23). An example of information in a system hierarchy is glveb eg - ené
which contains data on the Texas Highway system (23). Thc. atrs rep Sth
quantity as a function of the solar transformity. The high wa;)y §yS :;;1 il::f((})r;m;
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Higher Quality and Hierarchical Position of Shared Information
Shared information covers larger areas and has larger arcas of in_ﬂuence. In the
aggregate, it lasts longer (turnover time of shared information is longer), has
larger territory, and greater influence,
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An item of information that is shared, held by many units, has the greater
EMERGY that copied and established it in may units, but its territory is now
much bigger than any one carrier and its effectis larger, its time constant long-
er, and its depreciation less than 4Ny one carrier,
Because systems are made up of populations of units of similar type and
function, information has additional utilities to unify and cause common
functions, If each member of a functional group has the same information,
they operate in unison with much greater power and effect. Thus, members of
the same species with shared information have similar effect over the whole |
landscape. Humans with similar language and culture can pull together with 1
enormous control effect on their landscape. When information is shared, it (
has a much larger territory, sometimes worldwide. It also has much longer 4 1
turnover and lifetime. = :
Converting information into shared information involves considerable en- I
ergy of copying, selecting, and generating loops that reinforce and reward
those that become part of the group with common information. This process ]
takes place when the sharing is producing effect. The members of a self-orga- 3 S
nizing system adopt that information that is proving useful, in other words, ¥ e
feeding back as an amplifier. n

Information as an Emergent Property of Higher Quality

W
In a hierarchy there may be one level that generates information at the next o
and also is causing some loss of that information due to use (Figure 16). Move- 38

ments of people in a city are controlled by information that the people devel- & T
oped. The pattern of an arrangement may be abstracted to another higherlevel #¥ T
where it is regarded as information to the level below, for it is that level where ' ir
the pattern has functional use. As information it has less energy than in its m
application, but higher EMERGY and transformity. See example of highways el
in Figure 17 and the extraction of the information in the plans and specifica- er
tions, er

Plan information is at a higher level in the energy hierarchy of the universe.,
For every sized system the information of that system is smaller, higherin the 3 at
energy hierarchy, and with a larger territory of influence.

an
Information Transformity and the Spectrum of Information ::
The development of usefu] complexity, the abstraction of the pattern into easi- tral
ly copyable information, and then the upgrading of useful information to fre

ily measured with transformity. Figure 17 suggest that information has spec- So

An
and energy flow on the left, higher quality but less quantity on the right. Tri- lev
bus and Mclrvine (24) suggested that the higher the sophistication of electron- eni
ics the lower energy there was per bit. Mi
Transformity and the Flexibility of Information -} inc
Consistent with the role of controlling larger area with less energy, items of un.
higher transformity (which have been through self-organization processes) at ¢
have more flexibility. Electricity is a more flexible energy form than coal, and 3§ ter
information is more flexible than electricity. tro
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Transformity and the Ability to Transmit Information e s
The plans of ecosystems, businesses,-and cultures are generally l;,mm:) e
information, which then interacts 'Wlth Fesource§ and cnvirunnu-,}l! 1 m;:- "
erate a system. The high transformity of information correlates woith s
transmitting the essence of systems.

Similar Complexity on Different Scales .
Arrangements on one scale of size may look like those on anothst w'fhcr't ];i’l’q
nified. The complexity is mathematically similar and the (‘nmplv';cj.ly. |(;|'”cr-.
may be the same, but the functional roles of different sized systerns are di ¥
ent. More resources are required for a network of roads, than for 2 netwtnr‘ o
molecules even if the complexities in bits are the same. [f one hanges s ?
and both levels have the same design in proportion to their « o, the solar
EMERGY is higher at the larger size,

Transformity and Value o
Since transformity measures the resource at one level required foor 2 u‘rul 5]

energy at the next, it measures the EMERGY required to mainfain tbc mfnr:
mation when it is used. If prior self organization has retaincd only informa

tion with an effect (when fed back to lower level for use) that is ¢osrpnensu ra??
with resources required, then solar EMERGY measures its valus in the sense
of its effect.

Transformity as a Scale Factor of Information .y
Transformity (EMERGY per unit energy) is a scale factor for dixtinguishing
information between levels. The arrangements at one level of «ize are the
means for organizing the processes at another lower level. The highier thf’ Jev-
¢l the less energy is flowing, but the more influence is exertes prer unit £n-
ergy. Information on a large scale has higher transformity than that on a small-
er scale. ) .

In Figure 18 comparisons are made of the same number of inforroation bits
at three size levels: glucose molecules, micro-organisms under # ,vm"(roscupe,
and large units seen in the ecosystem and landscape from a low flying plane,
and finally the information about the landscape extracted to pages. After en-
¢rgy content of the information was determined, it was multigsed DY solar
transformities to obtain the solar EMERGY, thus putting the brt® calculated
from different scales on a comparable basis.

Solar EMERGY per Bit

Another measure of information is the solar EMERGY per bit. THs ?”gher,',hc
level in hierarchy, the higher is this measure. See examples in Jiysre 18 fhe
t‘"_t‘r_.r;}’ per bit Changes, but the solar EMERGY required per B! pacts _Iarz‘:r-
MiiMaturization which reduces the energy per bit may be a“,j,,,;,an{ed by
Increased solar EMERGY per bit. Smaller realms with the same ¢ prlexity per
unit have lower solar EMERGY per unit but more units. Thus, the ratio of bits
at one level to those at another is an index that tends to be larggees feor smaller
ltems. EMERGY per bit rises as one goes from an item of uncertasnty to func
tionally selected information, to widely shared information.
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Figure 18. Comparison of energy, EMERGY, and transformities for the same number of
bits of information on several scales of size (24).

As ecosystems and humans have evolved higher levels with greater roles
and influences of information, the values of solar emjoules per bit have in-
creased. However, the lifetime of a unit of information of higher value remains
small if its storage is small, However, by sharing the information with more
copies, the effect is reversed. Copying cost is small and counteracts depreci-
ation of the information carrier Hence, a long time constant can emerge for
shared information with high solar emjoules/bit.

Information and Species in Ecosystems

One essence of life is that it stores and copies information which is used to
maintain its necessary ecological systems. An ecosystem has several levels of
information storage, some in the inherited genes, When an ecosystem has
developed a functioning set of species by self organization of available seeds
and immigrants, the set of reproductives constitute a package of information
that can restore disturbed areas much more rapidly than occurred the first
time.

Some of the information in an ecosystem is in the diversity of species and
their inheritance and reproduction. Observations of complexity in bits show
that within a functional area there is a limit to the information in use. There
seems to be a limit to the complexity which an ecosystem develops.

Information in a Gene

The gene in which biological information is stored and passed on to succeed-
ing generations is a small ptece of the DNA (deoxyribonucelic acid). If one
relates the energy of a gene to the biological cells in which it is contained and
then to the energy that is supporting those cells, a transformity may be calcu-
lated for the gene. For example, if an aquatic plant cell is running entirely on
solar energy, the solar transformity of the gene structure is about 4.0 E5 sej/]. If
the gene is shared by a whole species, then the territory of the one gene is
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much larger. For a species which has a territory 100 kilometers across, the solar
energy requirement is much larger and the solar transformity becomes 4 E13

sej/]. See Endnote (25).

A Maodel of Diversity and Productivity
Increased diversity of species allows improved division of labor and in-

creased productivity. A back-up of contingent species can beco.me more irr-\—
portant and improve processes as conditions vary. A simulation n.mdel 15
given in Figure 19 for the number of species and calibrated for t.he isolated
Galapagos islands. The diagram shows productive products !) b?mg us?d to
maintain the biomass (Main.}, drained in support of the species interactions,
and some evolving new species. New species are also being dispersed to the
island in proportion to the inverse square of the distance. As Figure 19 shoyvs,
there is depreciation of information in species extinction. Two extinction
pathways are included in the model, one linear and one proportional to the
quadratic self interaction of the number of species in potential competition,
Successive simulation runs are graphed in Figure 19 for different distances
from the mainland. The further from the mainland, the fewer species develop
and the lower the ecosystem production. As calibrated new information from
external immigration and that from speciation and adaptive radiation are of
similar magnitude. This model may apply to other kinds of information such

as human knowledge on islands.
5
nformation
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Taxonomic Categories and Transformity

The distribution of species as classified by biologists according to natural si-
milarities and differences and some knowledge of separation of gene flow
forms a hierarchy. Many species are in fewer genera and these are in fewer
families and these in fewer orders, etc. This taxonomic hierarchy is the result
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of evolution that develops smali changes in forming different species, and ac-
cumulation of these changes develops larger differences in gencerating higher
categories. The solar EMERGY required to operate the species during its de-
velopment of changes is the resource use necessary to operate a fewer number
of genera, etc. The solar EMERGY required to develop cach category can be
calculated in an aggregate as done in Figure 16,

Simulation of a Minimodel of Information
The general model of information, its sustenance, and its role in Figure 16 was
simulated to gain insights on the abstract role of information as a control-
member of a system web. lts pathways of copying and retrieval make informa-
tion autocatalytic with mathematical similarities to carnivore populations and
pulsing consumption. However, because of its long time constant, shared in-
formation may have long periods between pulses,

As we move further into an information age, the autocatalytic nature of in-

The Biosphere’s Information Processor, the Human
The ability to be reprogrammed and reorganized {among other reasons)
causes humans to become dominant in self organizing a culture and economy

Figure 20. Hierarchical lev-
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PART IV. COMPLEXITY IN PHYSICAL SCIENCE

In this Part IV the functional concepts of energy hierarchy used to consider
ecosystem complexity are extended to the molecular realms of physical sci-
ence, where the traditional view has been almost opposite. Molecular com-
plexity, energy distributions, and entropy have been viewd as random, inde-
terminate, non-functional, disorganized, and non adaptive. The ecosystem
concepts of complexity allow physical systems to be viewed with the same
principles as living systems without changing any of the facts or mathematics
of thermodynamics and statistical mechanics.

Second Law and Building of Useful Structure

In the sense of ecosystems the term *‘structure”’ implies a storage and a pat-
tern, usually functional. The second Law (of thermodynamics), by stating that
energy storages tend to be degrated (measured by entropy increase), charac-
terizes structure as something that can be spontaneously degraded. In other
words, structure is something away from energy equilibrium.

In open-system thermodynamics there has been argument about whether
rates of energy flow and dispersal tended to decrease or whether they tended
to increase. The first point of view was called an “entropy minimum princi-
ple;”” the rate of dissipation of potential energy {with entropy increase) was
said to decrease (minimum power principle). The opposite point of view was
the maximum power principle that said that the rate of dissipation of available
energy (with entropy increase) tended to increase (27).

Open systems are shown in Figure 10 where potential energy is flowing in,
being transformed, and dispersing out in degraded form. If the available po-
tential energy is small, the flow simply degrades without building a structural
storage. If there is an initial storage it cannot be maintained and it disperses,
generating entropy increase along with that of the inflowing energy. Thus, the
rate of entropy increase tends to decrease as all the storages away from equi-
librium are discharged.

With more available energy, storages can be maintained. The system in Fig-
ure 10 transforms the energy to a higher quality in a storage which acts autoca-
talytically to accelerate energy use. Energy flow is maximized by transforming
energy and developing the structure away from equilibrium. At higher levels
energy is degraded most rapidly by building useful structure which fecds
back to accelerate the process. In other words, by building structure, self orga-
nization and evolution maximize useful power (the transformation and feed-
back of high quality controls and amplifiers) and the dissipation of available
(potential) energy. It degrades faster by upgrading.

Among chemists the structure and complexity developed by open systems
has been called dissipative structure. For this audience the maximum power
principle might be stated: self organization generates whatever structure and
complexily that is nhecessary to maximize the rate of entropy increase.

In other words, both principles, minimum power and maximum power, are
correct, one applies to low rates of inflow of available energy, the other applies
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A e 1 ' Chaos

to higher rates of inflow of available energy. The old controversy about wheth-
er flows of energy evolve so as to generate struclure or disperse structure is
thus resolved.

Comparison of Evolutionary and Dissipative Perceptions
Where energy inflows are adequate, the same behavior can be stated in two 2%
ways, one {A) that pleases the evolution-oriented, biological-backgrounded X
person who thinks in terms of the maximum power principle succession-evo- f
lution and the other (B) that pleases the physically grounded person who #
E thinks in terms of the second law dissipation. The difference in expression 3
comes from the different training as to what constitutes scientific causality: _
o (A) The process of building autocatalytic {useful) structure disperses avail- §
able energy faster and prevails because power {energy use) is maximized.
or N
(B) The pattern with most rapid second law dissipation prevails by develop- 2
ing autocatalytic structure to accelerate dispersal, '

pulsing in ¢ d
- e learning to
becomes subordinat A
er levels, 5i
The ado tr.
because th tu
the research is show;i
op what is functional (26). IH
2F t
A Reversal of Perception of Complexity in Physics fer
Using insights from ecological systems, thjs €ssay suggests that the general- E by
izations from physical science about complexity, randomness and indeter- 4§ gr:
minacy are incorrectly reversed. A statistical concept of complexity has inter- f ery
fered with a unified theory of the macroscopic world of ecological and eco- ‘
nomuc systems and the microscopic worlds of physics and chemistry. What is (Fi
regarded as random, disorderly, indeterminate, and disorganized is reall 3 for
Structured, orderly, causally explained, and organized. See below: 7,’ niz
| | tra:
Entropy as a Measure of Useful Structure ‘ [ are
hen energy is added (o a substance initially without appreciable heat (near 3 ow
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absolute zero}, by definition the entropy increases (29). E.ntropy isa measure
of molecular complexity, and the molecular complexity 1ncrea5_es as h_ce?t.:s
added, and motions and patterns begin to develop beyond a 51‘mplc initial
state of molecules in rows in a crystal. This increase in complexity has been
regarded as increased disorder and randomness, Entlropy has‘ even been used
as a synonym for the lack of structure by people oulsudg of science. .

Yet mathematically entropy has the same formula as information discussed
in Part [I (21). Traditionally the same measure has been used to measure the
lack of structure in molecules that is used to measure the uscful structure in
ecosystems. .

When energy availability is added to ecosystems or economic systems, the
complexity and information (macroscopic entropy) also increase, but here we
can see the increase in useful structure that is self-organizing increased power
and EMERGY use. In Figure 18 transformity was used to relate information
(entropy) between different scales so that the molecular and macroscopic
worlds were viewed as part of the same continuum.

The revised view proposed here is that molecular systems, when they in-
crease their entropy of state, are also increasing useful structure which facili-
tates their energy flows, whether it is passing through in open systems or
recirculating between energy levels in closed reversible systems (30).

Ambiguity of Order
The word order has two opposite meanings that make the word almost use-
less. On the one hand order refers to simplicity as with molecules in a crystal
in neat rows. This is low entropy order. This is simple order.

On the other hand, order is used to refer to arrangements in useful, complex
configuration. This is high entropy order. This is complex order.

The conclusion is that one cannot use entropy as a synonym for order or
disorder (26).

Ambiguity of Entropy as Structure

Similarly, useful structures and complexities may be high entropy or low en-
tropy. Most structures of society and of the ecosystem are an organized mix-
ture of both (31).

Hierarchy Diagrams of Microscopic and Macroscopic Systems

It is well established that it takes many molecules of low energy to support
fewer at higher quality states, such as travelling at greater velocity. The distri-
bution of energy in physical-chemical realms is often represented with
graphs of Maxwell-Boltzmann distribution which can be generalized with en-
ergy-transformity diagrams like that in Figure 6¢ (32).

The generalized hierarchy diagram of quantity plotted against transformity
(Figure 6¢) works for any scale of system. That the graphs are the same shape
for all systems is evidence that they follow similar principles. Thus, self orga-
nization generates hierarchical energy distribution patterns of quantity and
transformity. In other words, it is proposed that high entropy molecular states

are highly functional structures like high complexity configurations of our
OWn Society,
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Deriving Gaussian Velocities from Energy Hierarchy
The assumption that the molecular world was disordered, random, and with-
out useful structure came partly from the fact that the distribution of malecu-
lar velocities fit the Gaussian “normal” curve that is generated when there arce
smali variations around a mean. If molecular velocities are Gaussian, and mo-
lecular energies a square of velocities, then the energy distribution has a
curve like the gencral hierarchy graphs in Figure 6¢. The main problem with
this classical concept is that there is no reason why the velocities should be
Gaussian.

Revised Interpretation of Gaussian Molecular Velocities

What makes much more sense and makes all levels of the universe similar is to
explain the energy distribution curves like those in Figure 6¢ as an energy
hierarchy emerging with self organization of many small fow quality energies
supporting a few higher quality ones. then, since molecular velocity is the
square root of the energy of the molecular movements, the Gaussian velocity
distribution is explained as a consequence of self-organizing energy hierar-
chy.

Continuing the comparison between energy hierarchies suggests that
Brownian motion is pulsing by longer time constant members at the upper
part of the energy web. In other words, Brownian motions are the carnivores
of molecular hierarchies (30).

Energy Hierarchy and Statistical Inference
Most of the macroscopic world does not have Gaussian distributions because
the states of ecosystems and economic systems are not related to energy as the
square root. Statistics based on Gaussian distributions of variation are rarely
valid in the macroscopic world and statistical practice goes through contor-
tions and transformations to make their inferences about significant differ-
ences valid. What is generally universal are the energy hierarchy patterns (30).
Many scientists have strong beliefs in the inherent randomness and inde-
terminacy of phenomena. Perhaps some of these beliefs may change as hierar-
chical energy structure is found to be general,

Superposition of Pulsing of Hierarchical Levels
In Figure 2 spatial views of several hierarchical levels were superposed, show-
ing how hierarchical complexity results from simple components. Next, con-
sider what this superposition produced in time. In Figure 21 three pulsing
models of the type simulated in Figure 12 were combined in a computer pro-
gram, each with a different time scale appropriate for a different level in hier-
archy. Since units at different hierarchical position have multiplicative rela-
tionships (Figure 8b), the three amplitudes shown separately in Figure 22b
were multiplied together in Figure 21c. The pattern that resuits seems com-
plex, although it is composed of simple temporal components. The resulting
distribution of amplitudes was a skewed graph of quantity and magnitude
like those often found in nature.

In Figure 21d the pulses are added; the result is not like nature. One is re-
minded that time series analysis removes components by Fourier subtraction,
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Figure 21. Patterns produced by combining pulsing oscillations each on a different
time scale. (a) Energy diagrams and time scales of three levels; (b) computer pulses
showed separately; (c) computer simulation with amplitudes multiplied together,
Shown on the right side is the distribution of magnitudes; (d) computer simulation
with amplitudes added.

Degree of Control for Self-organized Maximum Power

Referring once again to the hierarchy of a food chain, the pulses and fluctu-
ations at smaller levels of size are not important to the next larger level that is
being supported, because larger size, territory, time constants, and unit size
filter out energy variation. Therefore, it is not essential that the feedback sys-
tem of the larger, amplifying and stimulating the smaller, should regulate the
small fluctuations. In other words, self-organizational processes may not ex-
tend control below a small percent of flow.

Time’s Speed Regulator

Many papers have now verified our earlier demonstration that there is an op-
timum efficiency for maximum power (33) so that self organization for maxi-
mum power sets controls so as to operate at much lower efficiency that maxi-
mizes power (not efficiency). We called the maximum power criterion “’time’s
speed regulator” because this is the criterion for self-organized systemns.
When humans engineer systems to meet economic survival criteria they are
the means by which self organization is working.

Energy Quality and Temperature Differences
Basic to thermodynamics and heat engineering is the principle determining
the amout of mechanical work that can be derived from a heat engine using a
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difference in temperature. As loading approaches a stalling condition, the ef-
ficiency, approaches the Carnot ratio (the fraction that the temperature differ-
ence is of the Kelvin temperature; Kelvin temperature scale is that Mmeasured
from absolute zero). In other words, the highest possible conversion of heat
energy into mechanical work (pressure-volume work) is the percent of the
available heat that is a higher temperature than that of the environment. As
discussed above as “time’s speed regulator”, operations at maximum power
are at lower efficiency, often around 50% of the Carnot fraction.

Transformities of Temperature Differences
Sometimes the Carnot temperatyre ratio is described a
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Figure 22. Solar transformity of heat sources 3
as a function of the operational efficiency of

a heat engine Y/1, where efficiency is half the
Carnot ratio 10.5*delta T/T). The solar trans-
formity of source heat in solar emjoules per
heat joule was obtained by muitiplying the
25,000 solar emjoules per mechanical joule
observed in some earth Processes by the effi-
ciency in mechanical joules per joule heat.
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Efficiency= %

Transformity Antecedents in Electrica] Generation
One aspect of standard thermod

eration efficiency is about 25%. In other words, the fuel
tricity 1s 4 coal emjoules per joule. Although this is a gen
tice in tomparing electrical and fyel energy capabiliti
principle needs to be adopted that all energy flows are of
need to be multiplied by transformities to evaluate work

Work Redefined as an Increase in Transformity
A corollary of the maximum power theory of self Organization is that no en-
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the second law is really an expressioq of t.hc thermodynamic trar'*nsformlty. The
language descriving work by early scientists such as Maxwell using the phrase
“energy transformation” is closer to the Contrect one tha1.1 t.he modern text-
books that define one kind of work, mechanical work, as if it were a general

definition of ail work.

Transformity and Reality in Science (34) _ _

Use of the thermodynamic transformity Concep.t he!ps disperse pipe dream-
ing in science that it it possible to increase effic1cnges of processes that hav‘e
had a billion years of self-organizational fine tuning. Examples \jvhere effi-
ciencies are inherently low because transformities are inherently high are the
unsubsidized conversion of solar insolation into organic matter and electric-
ity, not likely to be increased over efficiencies of plants. -

Another example is the mechanical efficiency of the atmosphere in conver-
ing solar energy heating into wind energy, which is around 4% in tlhe real self-
organizing atmospheric-oceanic system. Some people lth.mk of this as a poor
efficiency that humans can improve. The reason the efflcnen\?y is lower than a
single heat engine converston is that the global transformat‘xon _mvolvcs con-
centrating solar energy spatially, increasing its quality into kinetic energy, and
further transformations into higher quality storm structures (30).

The Generality of Eco-energetic Paradigm .
If the hierarchies and processes of nature are constrained to follow self-organi-
zational reinforcement principles and if these are described in the aggregate
by the equations and energy characteristics of these models, then these con-
cepts may apply to all systems. The eco-energetics theory may change view-
points in physical science about randomness, molecular patterns, and enFro—
py. In other words, the overview models of ecosystems seem to have appl@a-
bility to physical, chemical, economic, astronomical, and other self-organiz-
ing systems.

Top Down Modelling in Physical Science

Even more than in biology and economics, physical-chemical and meteoro-
logical models are often constructed with mechanisms from the parts up,
overlooking and sometimes denying that there are mechanisms at larger scale,
self organizing the smaller performances, and reinforcing those that contrib-
ute most. For example, global weather models costing a million dollars a run
lose their accuracy after stmulating seven days. This approach is comparable
to simulating the phytoplankton cell by cell in order to understand the fisher-
ies. To understand the larger scale, longer time-constant phenomena of the
atmosphere, the models need the equations for the large units, the storms, the
global sized units, and the main categories of storage, not the equations of
motion of little bits of atmosphere. The hierarchical energy diagram in Figure
23b may help explain the comparison {30).
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PART V. STORMS OF HUMAN COMPLEXITY

Finally, we come to human complexity where the simpler view from the eco-

System may help us understand human society and the public policies that
can be successful.

Information Storms
Facilitated by human flexibility and self-organizational skills, the biosphere is
now swirling with “information storms”. Like storms in the atmosphere,

centration. Both have high transformity; both are hierarchical centers; both
organize the circulation of materials converging inward and the recycle them
diverging outward; both feed back thejr control actions to improve perfor-
mance (Maximum EMERQGY); and both have long periods (long turnover
times) pulsing surges that are imposed on the surrounding, low transformity
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. it
rtion of the Human Complexity _
'II'Il:?gughout their biological and later cultural evolution, the humans have

moved toward higher transformities as more and. more solar ‘EMERGY has
gone into shared information of saciety. Thts.hlstoncal passage is represented
by the arrow in Figure 20. Just as meteorological storms are on thg high tra.ns-
formity end of the fluid turbulence spectrum, so th-e-stOTms of information
occupy the high transformity end of the human participation.

EMERGY Ontogeny Recapitulating EVOlutiOI'l .
The individual hgman starting as a small baby with only half of its informa-

tion complement, is part of the world of rapid turnovers, lov:! in the hierarchy.
As life proceeds, the individual gets a larger and larger size, territory, and
turnover time, especially of his or her information_al processing. A .healthy
psychological life may require a stepwise increase in sca.le of.operatlon and
contributory roles in the whole system. Those who find widening rols as they
age are part of the means by which the social system generates useful feed-

back service.

Table 3. Concentration of EMERGY Use

Population* Empower

Area density density#
Nation E10 m? people/km? E11 sej/m?/yr
Netherlands 3.7 378. 100.0
West Germany 249 247, 70.4
Switzerland 4.1 154. 17.7
Poland 31.2 111, 10.6
Dominica 0.075 107. 3.8
USA 940. 242 7.0
Liberia 11.1 16.1 4.18
Spain 50.5 68.5 312
New Zealand 269 11.5 2.94
Brazil 918. 13.2 2.08
India 329. 192. 2.05
Soviet Union 2240. 11.6 1.71
Australia 768. 1.9 1.42

* Population from Table 4 divided by national area.
# Rate of EMERGY use (Table 4) divided by national area.

Individual Human’s Own Hierarchy

As long perceived in human systems biology, the body is itself a hierarchy,
ranging from the fast turnover physical and chemical levels to the long-term
information storing and processing levels of the mind. A healthy person
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needs reinforcement at all these levels. Not infrequently, cerebral peopletry to
be above it all, doing damage to their physical basis by not feeding reinforce-
ment back to the low tranformity components. The struggle to give adequate
support to food processing, exercise, and sex while striving for as high level of
mental transformity as possible is the self-organizational struggle of daily Jiv-

ing.

Human Complexity on the Energy-Transformity Spectrum
Some preliminary efforts to estimate the transformities of human information

Inherited Information in Humans

The capture of a self-organizing system by insertion of information at the top
is like the role of virus in taking over living cells. Those working with such a
System sometimes speak of the key information as the “selfish gene”, recog-

uch of the television is
entertainment, of short time significance, and possibly not remembered. Pre-
sumably self organization will work to increase the scale of the television role.
Cultures that forego the potential of the media to generate large scale power
and efficiency are likely to be displaced.

Educational EMERGY in High Technology

As states and hations com

Inputs to technology, some insight is obtained on questions of national com-
petitiveness and the possibilities of sustaining an information society on de-
clining resource availabilities. See analysis of a high Technology company in
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Austin Texas by A. Brown revised somewhat in }figure 24 (35)‘. Part of high
technology is new research and development, which runs as h,g!~, as 50% of
the expenditures in some defense industries. Thle rest is mvo]\./ed in manuf.ac-
turing, which is essentially copying of information and coupling information
to hardware, not a very high EMERGY process.

The input of EMERGY from professionally trained peo;?le was g_enerated
from family education and public education sources, not dlrecltly paid for by
the company. The diagram shows further that the basis for hl‘gh technolggy
industry comes only partly from the purchased inputs of the mdust-ry using
money from sales of products. About a fourth of the EMERGY basis of the
company, especially in its research and development.dlvision- was based on
prior public and private education and a high level of 1nformanon. in the soci-
ety. Presumably ability to compete in industries that are based on information
innovations will depend on availability of high EMERGY flows of high quality

{(high transformity).

Electriclly,
Materials,
Labar, Goods
and Services

High
Technology

Professionals
334

Development

Tt T

Manufacturing

———E6 $/Yeor _1_
—-— E1{B sej/Yeor =

Figure 24. Solar EMERGY flows supporting a high technology electronics industry in
Austin, Texas modified from A, Brown, (35).

Complexity in Aesthetics

Although it remains for more empirical testing, a case can be made that aes-
thetic values go with high EMERGY and transformity. The EMERGY of aes-
thetic subjects includes what was required to generate the item plus the
EMERGY used to develop the information about the subject into shared sta-
tus.

For example, natural areas which attract humans include beaches, moun-
tains, streams, and areas with large unusual fauna. Such areas have high
transformity from environmental work often augmented by high EMERGY in
cultural sensitization and advertising.

Art develops high EMERGY as its products are moved up the transformity
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hierarchy from isolated items of information to a shared status with public
recognition and with large territory of appreciation and influence,

Organized Economic System or Indeterminate Free Randomness

That self organization brings useful purpose 1s close to traditional economic
dogma about the invisible hand from the free economy being competitive, Yot
the majority believes this complexity is indeterminate, not organized, and not
predictable from universal design principles. The hierarchical perspective ra-
tionalizes the individualism with the system determinism as compared next,

Hierarchical Structure of the Economy
Studies in human geography have shown economic society to be hierarchical-
ly organized like the ecosystems with converging spatial patterns, steep

The Individualistic Doctrine of Value

The atomistic faith that the whole is what individual humans do takes its
extreme view in current economic dogma that value is what peopie are willing
to pay. This is tantamount to saying that only one level of organization, that of

organize differently from the individual-only concepts of value. Ultimately
there will be a rejection of the individual value dogma.
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In Part [, we derived a theory of value for any rea.l systm‘n that the self-orga-
nizational process generates the designs that m.axumze. EMERGY use. Thus,
continuation and survival of patterns goes with maxnmur.n EMERGY and
come to be regarded as the correct, lasting valuces after the trm-l and error pro-
cesses of self organization. Since EMERGY use may be pr‘edlCtab[e from re-
source availabilities, some prediction of the designs of society may be possi-
ble from scientific principles. |

Individual free initiatives and creativity are necessary and important tf)
both concepts, but in the multi-level EMERGY value sy_stem, freedom, vari-
ation, and choice at one level is the means for system design and control at the

next level.

Geopolitics of EMERGY o
With different resources in different parts of the earth, the self organization of
economic systems maximizes performance by developing specialties around
special resources that provde the highest EMERGY. Figure 25 shows the
EMERGY inputs for Florida plotted on the scale of solar transformity with lo_w
quality sources on the left. In developed countries there is the large hump in
the middle of the spectrum representing the input of fuels and minerals from
non-renewable resources.
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Figure 26 shows the national system of the United States and its uses of
resources from inside and outside expressed in solar EMERGY so they may be
compared for their contribution to the economy.

The EMERGY signature of several countries is given in Figure 27. The devel-
oped countries have very much higher resource uses, but each country has a
different set of special resource availabilities.

EMERGY Use of Nations

We have applied EMERGY analysis to a number of other countries, evaluating
the total EMERGY uses. The EMERGY use per year can be prorated on a per
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capita basis to get a measure of standard of living (Table 4) and on an area
basis to get 2 measure of concentration and thus hierarchical position (Table
3).
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Figure 26. Sojar EMERGY basis for (a) the state of Florida; {b) the United States of
America in 1983 (36).




(Table 4) and on an area
>rarchical position (Table

Gosde
and
Services

Pcpu!lllﬂﬂ‘
IMformaiion N

(b} the United States of }

Figure 27. EMERGY signatures of sev- 40 v A
eral nations, annual solar EMERGY in- 2
uts arranged in order of solar trans- ,,
formity (11}. o
_ | so-
[
o
g (@
Bl
: U NS S
Ef 5o - NEW ZE ALAND
i | |
2 |@
o
o LIBERIA
o
uy
' L

Sun
Wing
Rain
Geo.
Rain
Chem
Woves
]

artm
Fuels
Sails.
Mineraly
Surside
Sernices

Rank of Tronsformity ——

Macroeconomic Value

An economy circulates money that is paid to people for their services, not to
the environmental resources which are the real value. By evaluating the total
SOLAR EMERGY per year used by a country from all sources, (with care to
avoid double counting), a measure of total macroeconomic value is obtained,
one that is readily compared among countries. The Solar EMERGY contribu-
tion of each resource such as rain or coal can be calculated as a fraction of the
total. Although it sometimes leads to confusion, the proportion of the total
solar EMERGY can be used to evaluate the proportion of the dollars that derive
their buying power from the resource.

Table 4. EMERGY Use and Population

EMERGY use
EMERGY used Population per person
Nation E20 sej/yr E6 E15 sej/person/yr
Australia 8850 15 59
USA 66400 227 29
West Germany 17500 62 28
Netherlands 3702 14 26
New Zealand 791 3.1 26
Liberia 465 1.3 26
Soviet Union 43150 260 16
Brazil 17820 121. 15
Dominica 7 0.08 13
Switzerland 733 6.37 12
Poland 3305 34.5 10
Spain 2090 134. 6

India 6750 630. 1




These solar EMERGY evaluations provide new ways to give more accurate

nat
accounting to the values of works by nature, work of unpaid people, and pro- For
ducts exchanged in foreign trade. Macroeconomic value is useful for public 2 exc
policy considerations but should not be substituted for market values for the 3 cou
microeconomic transactions of the marketplace. If
rath
EMERGYICurrency Ratio and Macroeconomic Value nati
Any nation has a circulation of money measured by gross national product, tion
which facilitates the total EMERGY use that we belicve is the measure of ““rea]
value”, buying power, useful work, etc. If total annual EMERGY use is the real Tab|

process. The dollars of Bross economic product per unit of EMERGY use mea- $
sures the value of the currency. Table 5 has EMERGY/$ ratios for several coun- ftem
tries. Higher values are found in rural and undeveloped nations where more 3 Watc
of the support of people comes directly from the chvironment without pay- Fuel
ments of money. Money buys more reai value In such areas Ferti
Any process or storage can be assigned a part of the gross economic product Beef
based on its EMERGY fraction of the total EMERGY use. We already defined 3 Coty
macroeconomic value, Expressed in currency units, it can be compared with 3§ Whe.
market values (values to individuals) in determining what is good for public Wool
POHC)’ 3 Potat
* Ratic
Table 5. National Activity and EMERGY/$ 1
U, EMERGY used/yr GNP EMERGY/S Limit
Nation E20 sej/yr E9 $/yr E12 ] Often
\ ] elimir
Liberia 465. 1.34 34.5 E resour
: Dominica 7. 075 4.9 - EMER
e § Brazil 17820, 214. 8.4 3 See Fi
India 6750. 106. 6.4 . amous
Australia B850, 139, 64 = period
Poland 3305. 54.9 6.0 4 We s
World 188000. 5000. 3.8 E exclusi
Soviet Union 43150. 1300. 34 - inform
New Zealand 791. 26. 3.0 F nation:
USA 66400, 2600. 2.6 3 ing. Wi
West Germany 17500. 715. 25 ¥ cy, or w
Netherlands 3702. 16.6 2.2 :- . ters, re,
Spain 2090. 139. 1.6 E:
Switzerland 733. 102. 0.7 ’ Possib
\ Space ¢
high tr;
International EMERGY Exchange ; such as
Raw resources like fuels, agricultural products, minerals, and water contain v and hig
much more EMERGY than is usually paid for them, becayse money paid is Othe
only for the human service not for the work of the environmental systems. See, being n
for example, the EMERGY advantages to the purchaser in Table 6. Thus, inter- support
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tional trade is often uneven in its contributions to the trading economies.
221- example, U.S. received twice as much as it returned to Mexico in various
exchanges (36). Table 7 shows advantages received in trade by developed

tries.
co;ant}::a- total exchanges between two nations could be based on EMERGY

rather than money, equity could be arranged which might improve the inter-
national cooperation, enriching the world economy and foster peaceful rela-

tionships.

Table 6. EMERGY Advantages to Buyers of Commodities (36)

1983 Price
Item Unit Dollars Emergy Ratio*
Water Acre-foot 50 1.9
Fuel Gallon 1.00 3.3
Fertilizer Ton 164 11.8
Beef 100 pounds 55 6.5
Cotton Pound (.59 39
Wheat Bushel 3.55 3.5
Wool Pound 0.83 16.7
Potatoes 100 pounds 8.50 2.0

* Ratio of EMERGY in commadity to EMERGY of money paid.

Limitations to an Information Society

Often there is a faith that human brilliance developing technology will always
eliminate limits to growth and progress of the type that requires expansion of
resource use rates. We see from the nature of useful complexity that it has en
EMERGY requirement and thus the total amount that is possible is limited.
See Figure 16. More complexity and information is not possible and the
amounts that are used and supported will have to become less during the
period of decreased availabilities of resources.

We sec that an exclusively information society makes no more sense than an
exclusively information ecosystem. However, there are hierarchical centers of
information concentration in both. Part of the question of economic futures of
nations is which ones will be the hierarchical centers of information process-
ing. Will the present centers of information processing continue in ascendan-
¢y, or will there be a reorganization with other centers and perhaps more cen-
ters, representing greater equity around the world.

Possibilities in Space
Space exploration and travel is very high EMERGY, and its units have very
high transformity. In the self-organizational process, many space operations
such as communication and earth watch satellites have very large territories
and high amplifier actions in their feedbacks to their supporting society.
Other aspects such as setting up space colonies and extended travel are
being misrepresented in public policies in regard to their abilities to be self
supporting on resources from space. The analysis by G. Noyes (37) provided
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Table 7. EMERGY Seif Sufficiency and Exchange

Ee

EMERGY EMERGY received
Nation from within 9% EMERGY exported
Netherlands 23 4.3
West Germany 10 4.2
Switzerland 19 3.2
Spain 24 2.3 .
USA 77 2.2 4
India 88 1.45 :
Brazil 91 0.98 3
Dominica 69 0.84 ¢
& New Zealand 60 0.76
_' Poland 66 0.65
o Australia 92 0.39 P
S Soviet Union 97 0.23 3
- Liberia 92 0.151 4
o ok \ Figure 28, I
e Pulsing Paradigm on the Earth Scale 3 Qﬁfgiinﬁogf’ l
In Part 3, the pulsing paradigm (Figures 12 and 13) was suggested as the gen- 4 3 El18 g cart
eral self-organizing pattern in time for maximum long range performance. = emjoules.
Now the entire biospheric system has been drawn into a large scale pulse of -
the human economic consumption of one cycle of earth accumulation of avail-
able EMERGY, 3 Complexit
Figure 28 is a simulation which was calibrated with the geologic production 2 As the surge
of earth resources being consumed by autocatalytic surge of consumption by 8 high transfc
the information-guided storm of consumer society. The result is King Hub- 2 the experier
bert’s blip, the famous pulse of our fuel-based economy when viewed on g straction, ho
longer scale of time, E decreasing ¢
= has to follow
A Christmas Tree Model of Human History - ming, which
The lights at night are a symptom of information processing. Viewed from Where eco
satellite the centers of population show Patterns of hierarchy like those in Fig- ' information ;
- ure 1a, including the small and the large. Over historical time the rise and fall E tials availab],
of cities and states ag viewed from satellite hasg been marked by the flashing of for human cr
lights like a Christmas tree. k| ; ward trend.
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Figure 28. Pulsing model of earth biogeochemical production and frenzied human eco-
nomic consumption. Simulation generates King Hubbert’s Blip. (a) Energy systems
diagram of the model; (b) Simulation graph with coordinates: M, dispersed matter,
3 E18 g carbon; Q, Fuel resource, 4.2 E22 coal Joules; A, urban assets, 5,3 E26 solar
emjoules.

Complexity for the Prosperous Way Down
As the surge of a larger scale representing the human society graduation to the
high transformity of global geochemistry, the phenomena are quite outside
the experience of human society and its economic management. In the ab-
straction, however, as the rest of the world becomes entrained in the phase of
decreasing consumerism shifting to a period of excess production again, there
has to follow a reorganization of our social system’s information program-
ming, which even now may be underway.

Where ecosystems go through the pulsing pattern of ups and downs, the
information is not discarded, but is carefully processed into storages of essen-
tials available for the next round of pulsing. We see from this the task ahead

for human creativity and selection, the preparation of designs for the down-
ward trend.
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For the way down money can still circula
coupled to the availabilities of resources, The self-
ing rapidly from local failures, can generate a pro
ing we have the sense to direct our research effor

te, and the human use will still bhe

organization process, learn-
sperous way down, provid-
t towards it.

Long Persistence of Cultural-information Effects
We see that the anthropologists’ insistence onthej

€ given numerical values with solar EMERGY
information of culture has long time constants as well as wide influence, then
systems that have been dominating hierarchica centers of the world because

of their information and culture, will not have thig decay away rapidly even
though their ability to sustain thi

mportant role of culture can
and transformity. If shared

Information Time Constant in Simulations
One of the uncertainties in macroscopic-
present the self-organizationa process is
the shared information at the top of the
infrastructure has a time constant of the
Highway study by Wil Lyu (23), the infor
be longer. Since we don‘t have a good estimate of the depreciation rate of in-
formation and culture, we don’t know what time constant to give them in the
simulation models Jike that in Figure 16. How much delayed will be the de-
cline of our current pulse due to long~lasting, shared information?

the time constant (turnover time} of

order of 50 years {example: Texas
mation essence of our culture must

General Systems View of Stabilize World Participation
If people of the world understan

and ﬂashing Christmas trees, then th

Faith in the Self—organizing Process
Many humans have 3 faith that the human ;

s free to do what each likes and
have (God given) duty to be different.

Other humans have faith that the human i E

The Quest for High Complexity for the Way Down

Tessay on living with complexity, which shows the univer-
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which shows the univer- 7

sal comparability of systems of the large and the small, _the trans:formity and
EMERGQGY scale factor for the universe, and the new frontl.el’s .of science to look
more for the general systems designs where most scientists and cxtlzeqs
raised in our economic socicty have been taught not to look. If Fhe futur_e is
controlled by the pulsing of the larger scale units of Fhe earth.and mformahqn,
the most important priorities concern the current mformatlon.storm and its
likely prognosis as its sources are used up. We need to ded‘lcat-e maore re-
sources to research for the down phase of our resource 0§c1l]at:on. In the
schools we need to unify environment, economics, energetics, syst'ems, and
public policy as one introductory course, a new way to .mtroduce sc1ence'and
mathematics (39). The most important problem of oyr time, naot yet percelve_d
by most, is the preparation to manage our information reserves for appropri-
ate complexity and a prosperous way down (40).
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Post Script
The financial oscillations starting with the stock market crash of October 19,

1987, came after the presentation of this essay in Stockholm, September 23,
1987, and seem to be a dramatic demonstration of the emerging importance of
the information storm.

ENDNOTES

(1) A General Systems Model from Ecosystems. Measurements of simi!ar
quantities in ecosystems of widely varying type showed a commonahty
among systems. When these were generalized in terms of energy, lnforma—
tion, mathematical performances, and hierarchical structures, a set of theories
resulted that appears to apply to the human economic system as well as to
other realms of nature. The emerging concepts and computer models relate
¢nergy, entropy, populations, evolution, and biogeochemistry. The ecosystem
provides us a model with which to better understand the whole economic-
ecologic, noospheric, system of humanity and nature.

(2) Mathematics are inventions of human mind, often useful in explaining
nature. Since all phenomena of nature are accompanied by flows of energy,
applied mathematics have the constraints of the real world, and therefore are
consistent with energetics. Sometimes the mathematics applied in ecology
has been unrealistic because energy constraints were omitted.

Fractals are formulas for designs that result when something is divided into
fractions and then divided again and again and again. (Mandelbrot, B. 1977.
Fractals. Freeman, London). Beautiful designs result that resemble natural
patterns such as flowers, clouds, rivers, etc. Fractals are a way of describing
hierarchies like those in Figure 2.
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The reason that fractals work is that €nergy organization of the universe is
hierarchical. Because of the maximum Power principle, Cnergy in systems ig
converged while being transformed into smaller but more valuable forms. At

: the same time valuable controls are diverging as they feed back to stimulate
the more numerous lower units. The fraction by which one level of hierarchy ;]
isrelated to the next s determined by the amount of energy of one dilute form
such as sunlight required to generate more concentrated forms at another leve]

ture for the burpose of study and understanding, We firs¢ studied metabolism
and the self-organizational process in closed aquarium ang closed Circulating
stream microcosms at Duke starting in 1955 with National Science Foundation
support (Odum, H.T. and J.R. Johnson, Jr. 1955, Silver Springs and the Bal-
anced Aquarium Controversy. Science Counselor, Duquesne Univ,, 4 pp.;
Odum, H.T and C.M. Hoskin 1957, Metabolism of a Laboratory Stream Micro-
cosm. Publ. Instityte of Marine Science, Uniy, Texas, 4 (2):1 15-133). ;
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learned early that what emerges in an ecosystem js rarely the species youtryto 3 5
810w, but instead is a bette; tuned set of species that fan generate perfor- 3
mance with maximum total metabolism,

t
Self organization takes place when some species through their behavior re- t
inforce other species, thus contributing to maximum pPower of the whole sys- . I
tem, insuring their continuation. A hierarchy is partof resulting Organization 3 1
because it couples the small to the large so that each contributes what the 1 a
other cannot. Big animals chop-up things, move, manage, and stir. Smaller 3 q
organisms have the Rumbers and means to do the necessary chemistry, 3 I
(4) Lotka gives general explanations of the maximum Power principle (Lotka, 1 "
Go mioe Y AL 1922, Contributions to the €nergetics of evolution, Proc, Natl. Acad. Sci. 8, 3 te
, 147-155; 1925, Elements of Mathemat; i er
g
3 w
E ar
eidel, Dordrecht 3 ch
g no
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Alier, J. 1987 Ecologi itg
Imskyasgivingane in |
ability of energy. stry
(5) The author acknowledges coilaboration on general system theoritical con. 3 ] (7}
Cepts with Dr. Davig cienceman of Bathurst, Australia who has been three

times visiting research associate in our Ecological
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Idress to the Imperial Academy
Theoretical Physics and Philo- ]
tzmann. 1905. The second Law 1
ay No. 3 D. Reidel, Dordrecht, §

the roots of “’ecological energe- §
‘nineteenth century (Martinez-
well, N.Y.). He quotes S. Poda- 4
energy use in increasing avail- 1
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general system theoritical con-
Australia who has been three %
ogical Economics Program in 4
d the name EMERGY and the
ve have been using since 1967.
ienceman as appropriate for a "’

.  and “emergent property of encrgy use”. This
concept ?‘f 'i:;i:gt}i:?c’i)r:(f)tgion of our mfasurs w[;)th different ones from in-
should ¢ 1:tn;nalysis that have been called embodied energy by several au-
Pm_oultpiliis role as editor, Nicholas Polunin suggested putting an “'n” in the
o further distinguish the word from energy, calling it “enmergy”,
nanjeh to s done in one paper (Odum, H.T. 1986. Enmergy in Ecosystems. pp.
3‘:;,21%6;; Ecosystem Theory and Application, ed. by N. Polunin, John Wiley,
Ng—avid Scienceman has now given his thinking on nomenclature and defin\i’-
tions of these and other concepts (Scien-ceman, D. 1987: Energy and EMER;; .
pp- 257276 in Environmental Economlcls, ed. by G. Pillet and T. Murotaf.- od-
land Leimgruber, Geneva). His suggestion to develop an EMERGY-de ine
emdollar”’ basis for foreign trade may be of great practical importance.

(6) Most ecosystems and economic systems are depend?nt on th4fz-ir ;e_sc;urce
inputs, which may include fuels, matter, and‘ information, all o :Vd'llff ari
accompanied by energy. However, different kmds. of energy are of di eredn
importance and should not be considered equal. A ],Ofﬂe of sux?llght cannot do
the same work as a joule of fuel, a joule of electricity, or a joule of human
service. - _ .

The term TRANSFORMITY was substituted in 1984 to replace energy
transformation ratio”, introeduced in the response of the award of the prize of
the Institute de La Vie, Paris, in 1975. (Published version: Odum, H.T. 1976.
Energy quality and carrying capacity of the earth. Tropical Ecolocy, 16 (1):1-8).
Transformity is the quotient of EMERGY of one type a‘nd energy of another,
and strictly speaking is not a ratio. The word is appropriate to measure energy
quality of production processes, where work is defined as an energy transfor-
mation, a usage that goes back to Maxwell in the last century. _Solar tra_nsfor-
mity of a flow or storage is the solar emjoules per joule, abl'are\.nated: sej/] (5).

Physics and engineering courses often confuse their begmr‘\'mg students by
teaching that energy is a “‘measure of the ability to do work”. Degraded en-
ergy from a transformation cannot do any work. It is only when available ener-
gies of the same type are compared that energy measures w_fork. For example,
where engineering deals with one kind of energy, mechanical energy, works
are in proportion to energy since they are of one class. Exergy includes me-
chanical energy and Gibbs free energy defined as pressure-volume work, but
not the wide range of energy qualities involved in the universe. Muc.h of the
confusion about national energy policies comes from erroneous beliefs that
dilute solar energy can be substituted for higher quality fuels without.m0§t-of
it going into the work of concentration. Plants use up much of the availability
in the solar energy they collect in the process of maintaining the necessary
structure to catch and concentrate the dilute photons.

{7} Adapted from Diamond, C. 1984. Energy Basis for the Regional Orgf}niza'
tion of the Mississippi Basin. M.S. Thesis, Dept. of Environmental Engineer-
ing Sciences, University of Florida, Gainesville, Florida, U.S.A., 250 pp.

(8) The result of each transformation is an increase in energy quality in the
sense that the work at the higher level convers greater territory, has a longer
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time span, controls more energy as it feeds its controls to the lowerlevel, and is
able to support the next higher level.

Transformity calculated from data in joules is numerically equal to that cal-
culated from data in Calories or otherenergy units; the value of transformity is
independent of the units. Yet the number is not a dimensionless ratio since
the numerator is EMERGY and the denominator is cnergy. In short, transfor-
mity is tne EMERGY per unit energy, but the type of EMERGY has to be speci-
fied. The abbreviations for this are:

sej/] = sec/C

earth, Rev. of Geophysics and Space Physics 18:269-311). The solar transfor-
mity of the deep heat is inferred from Figure 9 as the total global solar energy

expressed in solar EMERGY is temporarily higher (19 E24 emjoules per year).
The tidal energy is another independent but smaller source,

turn feedback loop is not added into the production process that it stimulates
since that would be double counting. See Figure 9b for example. Before add-
ing the solar EMERGY of inputs, it js necessary to examine a larger system
than the one of interest in order to determine if the sources are really indepen-
dent inputs of different solar EMERGY and not byproducts of one common
flow. See inputs to production in Figure 4 for example.

There are other systems measures s
vide the incoming energies among the pathways of a web to obtain a measure
of “embodied energy”. However solar EMERGY is defined differently, requir-
ing ditferent rules and mathematics.
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(11) Odum H.T. and E.C. Odum, ed. 1983, Energy Analysis Overview of Na-
tions. International Institute of Applied Systems Analysis, Laxenburg, Aus-

tria. Working paper WP-83-82, pp. 1-467.

(12) The substitutions of species that take_ plac'e are part of the fine-tuni‘ng by
which the trial and error of self organization _flnds thc.’ pathu.fay for maximum
performance. Many scientists with primary interest in species are disturbed
to have the models that simulate the main fcaturgs of maximum system per-
formance, i.e., production, consumption, Fiiversﬂy, etc., omit the species.
They see overall functions as an unconstrained sum of what_the species do
rather than the potential limits into which species are constrained by self or-

ganization to fit.

(13) Differences between population and systems ecologistg is one of scal'e and
the degree of control of population by larger scale organizational mechamsl.ns.
All this is curious historically, since most of the roots of ecology, energetics,
and biogeochemistry are in writings of Alfred Lotka and many others before
{4). Lotka and later my major professor, George Evelyn Hutchinson, presented
a unified story of population and systems ecology. Systems ecology models
often include population ecology models nested within. Some population
ecologists deny there is any larger model that determines the population per-
formance. The only time this is true is when they are isolated in the laboratory
or in early stages of colonization before self organization has proceeded very

far.

(14) When pathways are provided which are linear, autocatalytic, and quadrat-
ic-autocatalytic, the growing system uses the linear one until energy levels are
higher and then is predominated by the autocatalytic pathway; later at even
higher energy levels the quadratic process becomes predominant.

In other words, the power of the exponent which becomes predominant is
determined by the energy levels. Power in the mathematical sense is depen-
dent on power in the energetic sense (Richardson, J.R. and H.T. Odum, 1981.
Power and a pulsing production model. pp. 641-648 in Energy and Ecological
Modelling, ed. by W.]. Mitsch, R W. Bosserman, and ].M. Klopatek. Elsevier,
N.Y.; Odum, H.T. 1982. Pulsing, power and hierarchy. pp. 33-59 in Energetics
and Systems, ed. by W.J. Mitsch, R.K. Ragade, R W. Bosserman, and J.A. Dil-
fon, Jr., Ann Arbor Science, Ann Arbor, Mich).

W.C. Allee devoted much of his life to documenting the cooperation among
organisms, which is a quadratic autocatalytic relationship (Odum, H.T. and
W.C. Allee. 1953. A note on the stable point of populations with both intraspe-
cific cooperation and disoperation. Ecology 33:45-97; quadratic model pp. 151
in Odum, H.T. 1983. Systems Ecology, Wiley, N.Y. 644 pp.). Development of
intraspecific cooperation in this sense may be an example of the mechanisms
that self organize with higher level energy availabilities whose mathematical
role may be predictable with emulation modelling. In simulations of spruce-
budworms and other autocatalytic consumer oscillations, ecologists at British
Columbia have included quadratic effect of the producers output on con-
sumption, and invoking this pathway may also be a general property of high-
er energy {Ludwig, E., D.D. Jones and C.S. Holling. 1978. Quantitative analy-
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8is of insect outbreak systems: The Spruce Budworm and Forest. ]. Anima)
Ecol. 47:315—-332)‘

’

(17) Richardson, J. 1987. Spatial Patterns from Pulsing Simulation, Ph.D. Dis-

Sertation, Environmental Engineering Sciences, University of Florida,
Gainesville,

(18) Campbeil, D.E. 1984. Energy Filter Properties of Ecosystems. Ph.D. Dis-

sertation, Environmental Engineering Sciences, University of Florida,
Gainesville, Fl., 478 pp.

mental Engineering Sciences, University of Florida, Gainesvijje Fl.
(20) Essentials in Ecosystem Models

The following need to be in models capable of emulating ecosystems and
other systems:

1. Conservation of energy.

2. Conservation of essential materialg,

3. Constraint of each proces of interaction and production by a realistic
transformity. In other words, coefficients must not be allowed for work trans-
formations that output more energy of higher quality than is possible for the
change in hierarchieal position involved.

4. Autocatalytic designs, including the material recycle and amplifier feed-
backs to production.

5. Hierarchical turnover Properties with an increase in turnover time of
units in going from lower levels of hierarchy to the higher centers.

Other characteristics of self-organizatinal design are given in Odum, H.T.
1983. Systems Ecology. John Wiley, N.Y, 644 pp. This was originally entitled

“Ecological and General Systems”, byt changed to Systems Ecology at the sug-
gestion of the publisher,

(21) The formula for bits ofcompiexity (often cailed bits of information I js the
logarithm of the possibilities (n):

I'=Log2 n, where n 1s the number of possibilities,
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The logarithm of possibilities increa§es more slowly than the possibi]it%es.
Bits increase slowly as possibilities ar(; mcrcasgd. .Wher? the base number is 2
as in this example, the logarithm is said to be in bits (bits Ofl[’l"lfOl‘n‘latl(.)l'l).” '

The logarithm of the possibilities measure has bee? called l_nformatlon in
the sense of “'information theory’” and lw1de[y used in many freids._ Hovyever,
everyone agrees that the word information, as general.ly used in society, is not
appropriate for this bits measure, becau?.e the word mfc.)rma-tlon‘usually im-
plies a useful role whereas many collections {)f parts with }?lgh. 1nf0rmat10-n
{bits) values have little value to systems. The I.Jlts_of information in the associ-
ation of animals in a zoo may be large and 1.nd1cate a complex set of units,
without indicating any organization or funchon_of the group. Furth?rmore,
the bits measure does not distinguish between items of molecular size and
those at the level of human relationships.

ERGY of Copyin

(Zir?ci):zrpgffant questioni);isegs when one tries to evaluate the solar EMERGY
in the human transfer of information in a lecture or a book. If the transformity
of his education and experience is known, what is the rate of delivery of stored
information per hour? When a human teaches, he is copying knowledge out
to areceiver, without draining his knowledge. The copying process reinforces
his own knowledge. Does it make sense to multiply the transformity of his
education by the rate of energy processing by him as a carrier? This procedure
is suggested here very tentatively, with sample calculations presented.

Figure 20: Evaluation of the increasing transformity of human information
during ontogeny, education, and life experience is a calculation of the conver-
gence of more inputs which move the person to a higher status, transformity,
influence, territory and period. A tentative estimate was made using the terri-
tory of the people at each stage to estimate the proportion of the whole sys-
tem’s input on which their role is based. As individuals move up the hierar-
chy their numbers decrease and, thus, the EMERGY input is divided among
smaller and smaller numbers as they take larger roles.

Solar transformities for human educational levels in Figure 20:

Individuals#  EMERGY share/ind.* Transformity!

Attainment E6 ind. E16 sej/ind/yr E6 sej/f
Total (pre school) + 234 34 8.9
School + 83 9.4 246
College grad + 28 28. 73.3
Post college ed + 6 131. 343.
Public status + 2? 393. 1029.
Legacies 1? 785, 2054,

# U.S, Statistical Abstract

* Annual U.S. EMERGY use, 785 E22 sej/yr {(19) divided by number of individuals in the category

! Annual EMERGY share/ind./yr divided by the energy per individual (2500 keal/day) (365 days/
yr) (4186 }/Cal) = 3.82 E9 Jfind/yr

(23) Military Hierarchy, Using a military example, a preliminary sample calcu-
lation suggests how EMERGY—transformity evaluations may be made for a
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hierarchy. Suppose there are 130 soldiers, corporals, sergeants, and a lieuten-
ant organized as in Figure 3 and each individual has an individual energy
flow of 2500 kilocalorics per day. Suppose the main support of the system is
from goods and services on a budget of $10
DOLLAR ratio is 2.0 E12 solar
are the quotient of rate of solar EMERGY support
energy use per category.

Solar EMERGY support for the whole hierarch
($10,000/day) (2.0 E12 solar emjoules/s)
transformities for ranks:
Soldiers:

y and thus for each level is:

(2E16 solar emjoules/day)/[(117 soldiers) {2500 Cal/day) (4186 J/Cal)] = 1.63 §

E7 solar emjoules/joule
Corporals:

(2 E16 solar emjoules/day)/[(9 corporals) (2500 Cai/day) (4186 J/Cal} =212 .

E8 solar emjoules/jouie

Sergeants: :
(2 E16 solar emjoules/day)/[(3 sergeants) (2500 Cal/day) (4186 J/Cal}) = 6.37 e

E8 solar emjoules/joule
Lieutenant:

(2 E16 solar emjoules/day)/[(1 Lieutenant) (2500 Cal/day) (4186 J/Cal)] =
1.91 E9 solar emjoules/joule 3

in published report (36).

The EMERGY in shared info
system that supports and rec
highways in 1986 at a time w

rmation is EMERGY of the whole larger area
eives controls from that information. For Texas

of which is:

(1Ee6 8/yr) (4 kilocalories per g) (4186 J/kilocalorie) = 1.67 E10 J/yr

The most important essence of the information
shared information is printed in maps distributed

to the public who use the :'
maps in driving their cars, EMERGY involved in t

he use of the highways is
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on Texas highways that is ;
| to the public who use the
the use of the highways is ]

E: o

15.1 E22 sej/yr being controlled by the maps produced cach year with an en-

ergy content of each map: |
(300 g map) (4 kilocalories/g) (4186 ]/kilocalorie} = 5.0 E6 ]/map.

If maps are replaced every three years, the energy flow through maps is:
(5.0 E6 J/map) (0.33 maps/year) = 1.83 E6 J/yr.

The population of Texas was 15 million people and the numger of maps in
service was assumed to be 5 million.

formities . |
'}.':fr;z ::re three transformities. One is of the highways themselves; thg second
is t;e copy of information that is in functional use; the last is of the informa-
i
tion itself, which is an only copy.

Solar transformity of highway construction and _replacement:
(3.97 E22 sej/yr)/(9.07 E16 + )/yr) = 4.38 E6 + sej/]

Solar transformity of the highway specificahion books:
(3.97 E22 sej/yr)/(1.67 E10 J/yr) = 2.37 E12 sej/]

Solar transformity of highway use maps calculated as EMERGY of highway

use and energy of 5 million copies of maps: _
(15.1 E22 sej/yr}/[(5 E6 copies) (5 E6 [/copy)] = 6.04 E9 sej/]

Solar transformation of the shared original: .
(15.1 E22 sej/yr)/(1.83 E6 }/copy) = 8.11 E16 sej/]

at energies associated with information decrease with more SOphi‘Stl-
f:it)zc:ir ?nformatgion processing was suggested by Tribus, M. and E.D. Mclrvine.
1971. Energy and Information. Scientific Americarf 225:179-188.
Figure 18 compares the same complexity on dlfferent.scales. The energy
content is estimated for the same number of bits (1000 bits) at each of three
levels. Then the solar EMERGY per bit is calculated:

Molecular Energy in Glucose _ o
Following Augenstine (in Quastler, H. 1953. Information Theo.ry in B1.ology,
University of Illinois Press, Urbana, I11.), the molecular information in bits per
molecule Iis obtained from the Entropy S in kilocalories per degree per mole
as follows:
1=0.73*S
Consider glucose with entropy, 50.7 kcal/mole/degree:
(1000 bits)
(0.73*.0507) bits/molecule
2.7 E4 molecules/1000 bits
6.02 E23 molecules/mole
Energy content is: .
(673 Cal/mole) (4186 ]/Cal) (4.48 E-20 moles/1000 bits}) = 1.26 E-13]/1000 bits
Solar transformity of glucose dispersed where it is produced in aquatic plant

tissues as part of gross production is about 1% of 4000 kcal/m*/day = 40 kcal/
m'/day, a transformity of 4000/40 = 100 sej/]

= 27018 molecules/1000 bits

= 4.48 E-20 moles/1000 bits
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nformation:
=146 E1p sej/]

Florida, the EMERGY input in 3 .
put. Thus, the solar EMERGY E

= 40,000 solar emcalories/m’/day.

So
]
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(K
Sug
are;
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is: (
=4
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genc
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supry
(4.
s€j
(26) ¢
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regul.
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from
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dom,
(27) F

Wiaun

Experi
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s of structure in an area one millj-1

quare area E-6 m?, assume the en-}

rved structure in algae under the:

4

.67 E-2 }/day
1% efficiency) (Figure 4).

5 in a landscape viewed from the:
'unning on environmental inputs
(: 4
(4186 J/Cal) = 1.67 E12 sej/day

ree trunks, large animals, human'i
er — use 10,000 sej/] (0.01% Efﬁ':

ecosystem is: 3

(4186 J/kilocalorie) = 1.67 E7 sej/ |

rmation of the macro-system is
s. However its energy content is
on, 100 kilocalories which is re-
zh this information is: ;
days/yr)] = 114.7 ]/day

n is that of the macrosystem

i/)

solar transformities in genes is J
tract the interest of genetic spe- §
nore accurate determinations. -
8y (20), p. 273, solar energy of 4
asrelated to energy flow in the §
ght supported 0.1 kcal/m*/day 3

“lorida, the EMERGY input in °
nput. Thus, the solar EMERGY
ar emcalories/m*/day. E
wd about 1000 nucleotides in a 3
> per cell/1000 nucleotides per §

gene’s share of the EMERGY
r of genes, where this is calcu- 3

e e

i ol ter). If cells
f penes per cell times the cells per square me
e I1’bmcliii:’aerl;gtegreand ?ndividual area about 4.0 E-10 m*/cell, the nuzm-
e ms pare meter in one cell layer is the reciprocal, 2.5 E9 cells/m?. If
per of ceu;()perllgvertically in each leaf and a leaf area index. of 5 leaf layers Pezr
e ‘;rerou;?:l underneath, then the total number of cells is: (2.5 E9 cells/m?)
0 2
?Brgiel! ﬁ\yers/leaf) (5 leaves per area) = 3.75 E11 cells/m?.

! f the energy flow: .
(Oonlecg‘la;r?eifr}:\?;s:y)/(BJS E17 genes/m’) = 2.66 E-19 Calories/gene/day
‘ f vegetation may be:
ber of genes per square meter of veg 2
n‘(gf;;ﬂ;ll cellsg/mz) (1 E6 genes per cell) = 3.75 E17 genes/m

f one gene is:
The solar EMERGY flow share o
(‘;0 000 solar emcalories/m*/day)/(3.75 E17 genes/m?)
= 1.066 E-13 solar emcalories/gene/day |
The energy flow through the DNA of one type of gene in a square meter is:
(0.1 kilocalorie/m*/day)/(1 E6 gene types)
= 1 E-7 kilocalories/type/m*/day
lar transformity of a gene structure is: ' -
So‘la(;()(r)aE-lIS solal)'{ emcalories/gene/day/2.66 E-19 kilocalories/gene/day
= 4.0 E5 sej/]

Solar transformity of one type of gene: . 1 .
(40,000 solar emcalories/m*/day)/(1 E-7 Calories/m*/day) = 4 E11 sej/]

is shared by members of a dominant species which has an

frezﬁ)(;sli)i)g;:;uare ki]omet);rs and that species. cor_lstitutgs 10% of the area of
vegetation. Suppose the whole input of the species is required to generate and
operate that gene. Then the EMERGY input in support of thg onezshared gene
is: (1E4 km?) (1E6 m?/km’) (0.1 of area) (40,000 solar etncalories/m*/day)
= 4 E13 solar emcalories per day per shared gene. .

The energy flow through one coply ofl a shjged gene is that through one

. estimated above as 2.66 E-19 kilocalories/day.

ge’?’ﬁe solar transformity of the shared information is the solar EME-RGY of the
support area of the shared gene divided by the energy thrc_)ugh a single copy

(4 E13 solar emcalories/shared gene)/(2.66 E-19 kilocalories/day) = 1.50 E32

se}/],
(26) After there is excitement in some area of science, efforts are made to ex-
plain the significance of the new things to generally educated people using
regular verbal language. Often there is communication failure l.:)ecal.Jse the
words in the general vocabulary have broad general meanings quite different
from the quantitative, restricted uses of the words in the science. The more
scientists narrow the meaning of words in common use for their purposes, the
more the confusion - for example, energy, entropy, order, stability, chaos, ran-
dom, causality, force, information, progress, value, etc.
(27) Entropy minimum principle for open systems: Prigogine, I. and ].M.
Wiaume. 1946. Biology et thermodynamique des phenomenes irrever51bl.es.
Experimentia 2:451-453, Entropy maximum principle (maximum power prin-
ciple} for self organization of autocatalytic systems: Odum, H.T. and R.C. Pin-
kerton. 1955. Time's Speed Regulator, the Optimum Efficiency for Maximum
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Power. American Scientist, 43:321-343; Odum, H.T, 1975, Combining ene

laws and corollaries of the maximum Power principle with visya] systems 4

mathematics. pp. 239_243 in Ecosystem Analysis and Prediction. Proc, Conf :
Lcosystems, SIAM institute for Mathematics and Society.

(28) In the last decade the research in chemical reaction systems and study of

physical fluid Structures Operating at higher energy levels find increasing E

complexity in time and Space that are being referred to as chaos because of
inability to predict precisely. For example, where energy flows in pulsing sys- 3

of the stored elements, there js an alternating between €mpty and full. Such §

variation may not be important to higher levels of hierarchical organization 3

which adequately filter and use the variation for adaptive purpose as already 4
discussed, 1

(29) Entropy is proportional to the logarithm of the molecular possibilities. It 3
1S a measure of malecular complexity, the same measure used in the macro-
scopic world to measyure complexity under the name “information”.

(32) When the get of inflowing energies are of more than one type and trans-
formity, other energy distribution shapes result as given in Systems Ecology,
pp. 274-275 (20). There is often a hump where there is high EMERGY input :
from a second source. For example, the fossj] fuel inputs to the worid economy
geénerate such humps in income distribution cyrves,
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um, H.T. 1975, Combining energy ;'
Yer principle with visual systemsg

alysis and Predictjon, Proc. Conf 4
s and Society,

ivati ’inkerton (27) showed the optimum efficien-
(33) A den'vamr)nn bgw(?f;:nhi::;florrning en(ergy is about half of the reversible
= -fo'r maxlmuo grty of open systems found independently by many :.mthors,
eff:c_lency, adpr]sgwhere (Odum, H.T, 1983, Maximum power and effif::ency: a
o dlscuS}Sze le ical Modeliing, 20:71-82). However, most transformations also
-rebuttal. sct(e)g in‘in hiemrchy which reduces efficiency as .avail
122?::; conlzentrating or otherwise upgrading energy quality.
4

cal reaction systems and study of §
Cr energy levels find Increasing 3
3 referred to a5 chaos because of 3
here energy flows in pulsing sys. 3
magnitude as the turng

able energy

34) Science is not without its emotional attitudes to progress. Sometimes edi-
(
ver times 3

g between empty and fuil. Such

els of hierarchica) org

of the molecular Possibilities. It 3
€ measure used in the macro-

name “information”.

" made simpler by postulating
' energy flowing, However, the §
en systems do not differ much, 3§
al energy being degraded and 4

'¢5€ are similar for moleculay 3
e similarities were shown by 4
nd spectral graphs in Chapter
eological hierarchies are dia- }
e of storms see Page 558 (20). §

"(What is Life) explained life §
S @ means of keeping stryc- 3
s turns out to be half right.
{that is, of lower complexity
'Wer temperature) than sur- 4
nplexity than Surroundings
and baodies Mmaintained at b
Lis used to maintain stryc- 3
lings, For diagrams of these 4
elf organization must have 3
maximum EMERGY yge.
her levels should be made A
'ty scale factor) is yseq to 4
e Figure 18. '

than one type and trans- 3
iven in Systems Ecology, B
e is high EMERGY input
uts to the world economy 33

anization 3
for adaptive Purpose as already

1

ial and article selection policies have rejected papers that ml_ply that thenf
o anl' itations on the human brilliance in achieving anything. The. emo
tonal l'n:fltion of realities shows up in energy analysis controversies in
“iri]cali ;.:{Jelty public policies have been encouraged by researchers who see
w

possibility as a means of research support and really believe information
an . . - - -
car{overcome any efficiency Emitations,

35) Figure 24 was modified from a study by Allard Brown working with EI)—]I"lc"j
( d 8in course work at the Unversi ty of Texas in 1986_. Data were assemble
On :”}Egh technology company in Austin, Texas, one with mz;EnMugalggj\;mgIand
rese Ivisi i the solar values

-development divisions. The figure has _ -
::fietff:;hon the 113)athways using solar transformities suggested by Figure 20:
professionals, 500 E6 sej/J; for labor inputs, 100 E6 sej/).

(37) Noyes, G. 1977. Energy analysis of Space operations in Energy analysis of
? . . d
dels of the United States, ed. by H.T. Odum an -
Ir;:partment of Energy, Contract EY-76-5-05-4398, Energy Analysis Program,
Center for Wetlands, University of Florida, Gainesville, FL,
(38} A model of the necessary symbiosis of the political left and the right,
analogous to the phytoplankton and the larger consumers of the ecosystem

HT and D.M. Scienceman, 1986, Commonalities be-

tween hierarchies of ecosystems and political institutions. Yearbook of Gener-
al Systems, XXIX:23-32),

supplements for each state or nation. The one available for Florid]a: -(Flofr:ﬁea
Svstems and Environment, 83 pp.. 1986) includes the EMERGY ana Ysis o
State.

{40) Part of this ess
(20),

ay is a condensation of theory given in Systems Ecology
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Crafoord Prizes Awarded

ty, USA for their outstanding 4
achievements in the theory of nonlinear differentiaj equations,

1983 in geosciences within the field of large-
mosphere and the sea

Edward N. Lorenz, Massachusetts Institute

Henry Stommel, Woods Hole Oceano

their fundamenta) contributions in the field of geophysical hydrodyn. -

amics that in a unique way contributed to our understanding of the
large-scale circulation of the atmosphere and the sea.

scale movements of the at- 3

of Technology, USA and 3
graphic Institution, USA for

1984 in biosciences within the field of coevolution —
of organism populations in the natura) environment
Daniel H. J anzen, University of Pennsylvania, USA for his imagina-

tive and stimulating studies on coevolution, which has inspired many
researchers to continued work in this field.

the mutual adaption

1985 in astronomy within the field of the interstel]
star formation and interaction with stars

Lyman Spitzer, Jr., Princeton University Observatory, USA for his 3§
fundamenta] pioneering studies of pra

ctically every aspect of the in.
terstellar medium, ctlminating in the results obtained using the Co-
pernicus satellite.

ar medium including

1986 in the geosciences within the field of isotope geology
Claude J, Allégre, L'Institut de Physique du Globe, France and

Gerald .J, Wasserburg, California Institute of Technology, USA for
their pioneering work in isotope geology.

+

1987 in the biosciences within the field of ecosystem ecology
Eugene P. Odum, University of Georgia, USA and
Howard T Odum, University of Florida
contributions within the field of ecosystem

» USA for their pioneering
ecology.
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Crafoord Lectures

imir I. Arnoid: On some nonlinear pr.oblems_.
1982 I‘f}o?l(ii:;li::nberg: Mathematical methods in nonlinear problems.

983 Edward N. Lorenz: Irregularity: a fundamental property of the at-
1 .
Eoipheg}t'ommel: The delicate interplay between winc!-st_ress and
buiygcy input in ocean circulation: the Goldsbrough variations.

1984 Daniel H. Janzen: The most coevolutionary animal of them all.
1985 Lyman Spitzer, Jr.: Clouds between the Stars.
J. Allégre: Isotope geodynamic. '
1986 g:;:(li: J. Wasferburg: Isotopic abundances:inferences on solar 8ys-
tem and planetary evolution.
1987 Eugene P. Odum: Global stress on life-support ecosystems mandates

input management of production system'_s.
Howard T. Odum: Living with complexity.
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