CHAPTER 2
ENTROPY AND DISORDER

2.1 Therelation between energy and order: a classic example

The conaept of entropy was introduced by Clausus in connection with his formulation of
the Second Law of Thermodynanics (previoudy noted in section 1.3). Initsorigind useit
referred to used-up energy, and this use remains prevalent in varioussciences. By themiddle of
the20" century, a broader undestanding had developed assodating entropy with randormess
and disorder. Althoughseemingly disparate uponfirst consderation, these two conceptionsof
entropy are closely interconnected. To see why, we need to condder therelation between order
and usable energy.

A standad illugration of thisrelationisa containe of gas divided into two
compatments. Aslongas gas molecules pass freely between compartments, thar average speed
will bethesamein both. Since heat is directly proportiond to average molecular speed, thetwo
compatments will also be at the same heet level.

If themolecules are distributed so tha onecompatment containsa significantly larger
propottion of fast-moving molecules than the other, however, there will be an appreciable
difference in heat level between thetwo compartments. If thedifference is sufficiently great
(say, enoughto boil water), the chamber will contain heat energy capable of doingwork. Energy
in this form could be used to produce electricity (steam turbines), for example, or to power
machiney (steam locomotives) for trangporting goods

Thework potential of thegas chamber in thisilludration can be described in two
equivaent fashions On onehand, thetemperature difference between thetwo compartments
conditutes such-and-such an amountof usable theemal energy. On the other, thedegree of order
present in the distribution of fast- and dow-moving molecules between thetwo compartmentsis

sufficiently great to produce such-and-such an amountof work astheorder isdissipated (i.e., as



the average speeds of the molecules in thetwo compartments return to parity). For the
molecules to bedistributed with a certain degree of order is tantamountto thechamber's

containing a certain amountof thermal energy.

2.2 Order and energy: other common examples

Similar illugrationsare provided by other energy sources. Electrical energy is available
from asocket only aslongas a difference in charge is maintained between opposng terminds.
In the standad way of thinking aboutelectrical current, atermind is negaively chaged when its
individud ionsare aligned to indue a flow of electronstoward a postive termind (in aclosed
circuit), and atermind is postively charged when itsionsare ordered to attract that flow.

Alignment of this sort amongionsin a condudor is highly unlikely to occur onarandom
basis. Inarandomstate, the particles are orientated withoutregard to polarity, which meansthat
they are disordered in that respect. It is only when connected with an electrical generator of
some sort that condudors become ordered onthemolecular level in amanna making energy
available at an electrical outlet. Usable energy again makes an appearance as a correl ate of
order, and disorder as an absence of usable energy.

Anothe illudrative example comes with thefud cells currently being developed as a
replacement for fossil fuds. Inatypical fud cell arrangement, hydrogen enteringthecell is
broken down into electronsand protons Theelectronsthen are diverted into an externd circuit
as aflow of dectricity, while the protonsremain within the cell to be combined with returning
electronsto reconditute hydrogen in the presence of oxygen. Themain outputs of the process
are usable electricity (fromtheflow of electrong, water (from the combinaion of hydrogen and
oxygen), and low-grade heat (which escapes into the atmospheae).

In this process, theatomic structure of thetwo gases is manipulated to produce usable
energy in theform of electricity. Theorde induced ontheatomic level isthe source of energy

made available for everyday use.



Radiationd energy also fitsinto this picture. Because of its highly ordered wave-
structure, solar radiation in the mid-frequency-range serves as a medium conveying solar energy
directly to chlorophyll-bearing plants, where it is converted into biomass providing foodfor
other organisms. Thestructure of the highly-directiond incoming radiation, asit were, is
trandormed into energy for use by plant-eating organisms. Thelow-grade heat energy that
results, onthe other hand, exists at wave-lengthslacking structure for further work. When this
usless energy is emitted from the surface of the earth, it spreadsrandoniy (non-directiondly)
throughsurrounding spece.

Structure is an orderly arrangement of parts within a system. What examples like these
show, accordingly, istha usable energy and order go hand-in-hand. Theflip sideof thisrelation
istha degradaion of energy is tantamountto degradaion of order. Expended energy and

disorder are correlative forms of entropy.

2.3 Gradations of structure correlated with gradations of energy

Trandormationsamong energy forms proceed according to rankingswith respect to
convatibility (section 1.5). It follows tha the structures implicated in energy trandormations
are subject to rankingaswell. In general, trandormation froma highe to alower form of
energy is accompanied by changefrom a highe to alower degree of structure.

By way of illugration, consder the convesion of (1) solar energy to (2) electricity (by
photbvadltaic receptors), and then to (3) high-grade heat (in astove bumer), which in turn
produces (4) kingtic energy (in boiling water) and (5) low-grade heat (in thesurrounding air).
Correlated with each energy source ((1) B(4)) in this series, there is a characteristic structure tha
accounts for its capacity for doing ussful work. Usable energy in case (1) is conveyed by a
highly ordered configuration of wave ostillations in case (2) by an orderly arrangement of
charged particles within the condudor, and in case (3) by a nonrandompattern of molecular

activity within thestovebumer. Usable energy is still available with the structural turbulence of



thewater in (4), althoughthis does notfigurein theillugration. When thelow-gradethermal
energy of (5) has been dissipaed in theair, however, it nolonge contains potential for useful
work.

At each stage of this process, structure is expended in making energy available for work.
Thewave structure of the solar radiation, for ingance, is spent produdng electrical energy, and
the orderly arrangement of thecondudor'sionsis spentin produdng high-grade hest.

At each stage, moreover, energy made available by the expenditure of structureisused in
establishing further structure at a subsequent stage. Solar energy is used to increase the orderly
arrangement of ionsin thecondudor, electrical energy is used to indue nonandomagitation of
moleculesin thebumer, and so forth. Thene effect istha, at each stage of the series, structure
isexpendeal in making energy available for work, which then is used to generate structure at a
later stage

Wha happensin the convesionsfrom (1) solar to (2) electrica to (3) thermal to (4)
kindic energy, accordingly, is a series of trandormationsin which onekind of structureis
exchangel for another. The stage-wise progression of energy-forms can also beviewed as a
stage-wise progression involving different kindsof structureN the wave-structure of the solar
radiation, thearrangament of changed particlesin the condudor, and so on.

Moreove, jug asthereis arank-ordering of progressive degradationsin the series of
energy-trandormations(1) through(5), thereis a sense as well in which the assodated structures
exhibit decreasing gradaionsof order. Intuitively, thewave-structure of solar radiation
represents a greater departure from randormess than the molecular activity of the stoveburner,
and thelatter in turn a greater degree of norranndanness than the heated molecules of theair
abovethestove

Intuitionsaside, we need a characterization of order tha make comparisonslike this
possible on an objective basis. Thegroundwork for such a characterizationislaid outin the

following two sections which examinethereciprocal relation between randonmess and orde.



2.4 Degrees of order

Orde and disorder are comparative states, which meanstha both can be presentin
varying degrees. Thingsmay bewell ordered in one comparison and relatively disordered in
another. A deck of cards segregaed by color only (spades and clubscoming first, say, with
hearts and diamondsfollowing), for example, exhibits more orde than a deck tha has been
thoroughly shuffled. Buttheformer isrelatively disordered in comparison with a brand-new
deck in which each suit isarranged interndly by rank.

In mog contexts, nonghdess, there will be arrangements in which disorder is maximal,
and othersin which order reaches a peak. Maximum disorder occurs in adeck of cardswhen the
sequence within thedeck is entirely random(a state approximated by repeated shuffling),
whereas maximum order is present when each card islocated both by rank (i.e., "taking order,"
10 over 9, Jack over 10, etc.) and by strength of suit (spades over hearts, etc.).

Other commonplace examples are easy to find. A row of spice containesin akitchen
cabineg is maximally ordered when arranged alphabetically by names of contents (e.g., anise,
basil, coriander, dill), and maximally disordered when ther arrangement israndom A set of
socket-wrench headsis completely ordered when each is placed in its container according to
size, and completely disordered when scattered haphazardly acrossthegaragefloor. A set of
professiond joumdsis shdved in pefect order when arranged uniformly by sequence of
publication dates; and so forth.

Spesking geneally, we may say tha maximum disorder is a state of completely random
distribution, and tha maximum order is amaximal departure from an entirely randomstate.
Wha we need next is aworking grasp of comparative degrees of order tha fall between these

two extremes.

2.5 Fadorsdetermining degrees of order



Given this undestanding of maximal disorder as a state of complete randommess, it is
natural to think of degrees of order as degrees of departure from a completely randomstate.
When departure from randonmess is complete, of course, the degree of order is maximal, as
noted previoudy.

To clarify the sense of which departure from randamness admits degrees, we need a
working definition of randommess. As afirst approximation, randommess is equivaent to
statistical indgpendence. Two events are statistically independent if the occurrence of onedoes
not affect the probability of the othe's occurrence. A set of eventsthusis completely random
when the occurrence of onehas no bearing onthe occurrence of any other.

Departure from randonmess occurs when the occurrence of certain events beginsto
influence thelikelihoodthat certain other events will occur aswell. Themore extensive this
influence among events within the set, the more extensve ther departure from a completely
randomstate. Thegreater this departure, in turn, the more the events are statistically
interdependent. Thedegree of order of agiven set of eventsis directly correlated with the degree
of interdegpendence amongthe events themselves.

By way of illugration, let usreturn to the example of the playing cards To smplify
matters, we may stipulate that thearrangament of cardsin a seriesis entirely randomif the
identity of any given card isindependent of its place in the series. Thishddsboth for the
arrangement of thedeck itself and for the sequence resulting when cardsare dealt off thetop of
the deck.

In the case of anewly opened pack (arranged in maximal order at thefactory), a series of
cardsdedlt off thetopwill exhibit complete regularity as the sequence unfolds The sequence
accordingly is completely nonandom Theidentity of each card is maximally interdependent
with theidentities of adjacent cardsin the unfolding sequence.

In the case of a sequence dealt from athoroughly shuffled deck, by contrast, there will be

no appreciable interaction amongsuccessive members. The purpo< of shufflingisto arrange



the cardsrandonly, which isintended to ensure that each card'sidentity isindependent of its
placein theseries. Randormess in arrangement of the deck goes hand in hand with a card's
independence fromits neighbas in the sequence dedlt.

Between themaximal order of anew deck and therandommess inducd by shuffling,
there will of course be many intermediate degrees of order. Generally speaking, we may say tha
degree of order varies directly with degree of interdependence among members of the sequence.
But degree of interdependence varies inversely with degree of randommess in thar arrangement.
Onevariable affecting degree of order, accordingly, is degree of randonmess. Asthelatter
increases, theformer decreases.

Anothe factor affecting an arrangement's degree of order isthe number of itemsit
indudes. To ge afeel for this, compare a series of six cardsdealt from anewly opened deck
with a seriesthat continues until all 52 cards (excluding jokers) have been dedlt. Unde
assumptionslaid out previoudy, numbers of both series are entirely regular in sequence.
Nondhdess it appears naural to think that the series of 52 is more highly ordered than the series
of six. An entire deck in prope sequence represents a greater departure from randonmess than
doesasmaller seriesaso in prope sequence.

Think of it in terms of a mathematical andogy. Thereare (3x 2x 1 =) 6 waysin which
thefirst three cardind numbers can bearranged, (4 x 3x 2x 1 =) 24for thefirst four, (5x4x 3
x 2 x 1 =) 120for thefirst five, and so forth. This meansthat the probability of a correct ordind
sequence (1, 2, 3) for thefirst threeis 1/6, that for thefirst fouris 1/24,and that for thefirst five
1/120. But thelower the probability of agiven occurrence, thelesslikely that it would happen
onadgtrictly randombasis. Theoccurrence of five numbersin correct ordind sequence (1, 2, 3,
4, 5) thusis agreater departure from randommess than in the case of three or four.

Similarly, an arrangement of 52 cardsall in prope order is a greater departure from

randommess than a prope arrangement of a smaller nunber. Given therelationship between



randommess and order, it follows that theregular arrangament of all 52 exhibits a highe degree
of order than thearrangement of only 6.

These condderationsenable aworking definition of orderliness (degree of order). An
arrangement's degree of order istied to itsinddence of norrandomoccurrences. In upshot, an
arrangement's degree of order (1) varies directly with the nunber of its featured members, and

(2) varies invarsely with thedegree of randommess (indgpendence) among these members.

[Technical addendum?® Our concern with order and disorder for theremainde of this
study will have to do mainly with opeating systems, in contrast with decks of cardsand number
sequences. Asddfined in Chgpter 1, an opaating system is an open system of physcal variables
interacting throughtime. Of primary concern in what follows will be systems condituting
biological organisms (Chapter 3) and ecosystems in which variousspecies of organisms interact
(Chapter 4).

In the case of ecosystems and of individud organisms alike, order is created and
maintained by a steady flow of high-grade energy into the system. This energy isputto work in
building biomass (e.g., plants in ecosystems, tissuein organisms) and in running the metabolisms
of theorganismsinvolved. Inboth kindsof system, likewise, entropy resulting from thiswork is
discharged back into the surrounding environrment. Aswith opeating system generally, some of
this entropy will take theform of low-grade heat. Some also will take theform of degraded
structure, such as dead plant mass and animal excreta.

Entropyin theform of low-grade heat (degraded energy) typically can be quantified in
measures applicable to the highe-grade forms of energy consumed in produdngit. A standard
measure of entropy in chemistry, for ingance, isjoules per kelvin. As matters stand, however,
there is no comparable measure of entropy in theform of degraded structure or disorder. The

reason for thislack is nottha degrees of structure are inherently unmeasurable. At very least, a



given degree of structure can be quantified with reference to theamourt of energy required to
raiseit to ahighe degree.

Thereasontheeis no standad measure of structure per se, rather, mug betha no need
has been perceived to define such ameasure independently of theamountof energy necessary to
produeit inthefirst place. Need now arises with the present project of comparing degraded
(expended) energy and degraded structure (disorder) as indgpendent butinteracting forms of
energy. Meetingthis need does not require finding a measure of structure tha is applicable in
field work or in thelaboratory. Thisis aseparate project.* For present pumposes, we must be
content with a demondration showing how different degrees of order can be quantitatively
distinguished.

A mathematical (thusquantitative) measure of order in opeating systemsis explained in
the Appendix to this chapter. Its pumpog, as aready indicated, isto show tha entropy in the
form of degraded structure or disorder is subject to quantitative measurement no less than
entropy in theform of degraded energy. Readers not concerned with this matter may pass over

the Appendix withoutlosng track of thecontinuing discussion ]

2.6 Entropy and randomness

Discussion of entropy in Chapter 1 was confined to expended energy, which is energy no
longe capable of work. Work is donewhen physca occurrences are broughtaboutby other
physcal occurrences rather than occurring randonly (section 1.2). A standard example of
energy incapable of work isthelow-grade heat expended by metabolic activity (e.g., thebody
heat of livinganimals).

Anothe conception of entropy was introduced into the discussion at the beginning of the
present chapter. This second conagption equaes entropy with disorder. In photosynthesis, solar
energy is expended in creating biomass which provides chemical energy to plant-eating

organisms. This highly ordered wave structure of sunlightis conveated into chemical structure,
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which then is further degraded into the waste products of metabolic activity. This process of
increasing degradaion culminaes in thenondrectiond wave structure of black-bodyradiaton by
which fully expended energy fromthesunis eventudly returned to spece.

The conceptionsof entropy as expended energy and as structural disorder can befurther
integrated in terms of athird conception equaing entropy with randormess. This conaegption
was implied in our discussion of orderliness in the preceding section, but needsto be more
explicitly articulated. On onehand, randomevents are events the occurrence of which exhibits
no paticular order. Theentropy present in disorde thusis equivalent to tha present in random
occurrences.

On the other hand, randomoccurrences are incapable of doingwork. Thisfollows from
theddfinition of work as aphyscal alterationtha occurs on anontandombasis (section 1.2).
Randomevents do not bring aboutnorrandomoccurrences. Also by definition, usable energy is
energy with work potential. Fromthisit follows tha occurrences incapable of work are devoid
of usable energy. Thejoint consequence istha randomoccurrences ipso facto are devoid of
work potential. Randommess and absence of energy capable of work are equivalent forms of
entropy.

In connection with opeating systems particularly, increased disorder is equivaent to
increased randomess and increased randommess is equivalent to increased amount of energy
unavailable for work. Th upgot, theemodynamically speaking, istha (i) expended energy, (i)
randommess, and (iii) disorder are equivalent forms of entropy. Different forms may come into

play in different contexts. Our main conaern in the present study will bewith forms (i) and (iii).

2.7 Negentropy

Let ussummarize and smplify. Oneway of conaeiving entropy (i) equaesit with
expendal energy. This conaeption occupied center stagein Chagpter 1. The opposted of entropy
thusconceived is usable energy, which isto say energy capable of bengused for work.
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Anothe way of conaeiving entropy (ii) equaesit with randomoccurrences, which by
definition are incapable of produang work. This sense was laid outin the preceding section.
Theopposte of entropy thusundestoodis departure from randomrmess which, if sufficiently
extensve, amounts to potential for doing work.

Y et another conaeption (iii) equaes entropy with disorder. Entropy in this sense has
been the primary focus of the present chapter. Theopposte of entropy in this sense is orderly
structure. Orderly structure conditute a departure from randormess, which in suitable forms
provides energy capable of doing work (section 2.3).

Alongwith each conaeption of entropy goes a specific way of undestanding its opposte.
Theopposte of (i) is energy capable of work. Theopposte of (ii) is nonrandomoccurrences,
and tha of (iii) isorderly structure. Unde certain circumstances, as we have seen, both
nonrandomoccurrences and orderly structure provide potential for doing work.

Scientists concerned with these matters have foundit convenient to have asingle term
coveing the opposte of entropy in these several senses. Schroedinge chose the expression
Gegative entropy® Others have opted for thetruncated version egentropy@ Thus
undestood, the term egentropyCran be used to refer to usable energy, norrandonmess, and

order or structure indifferently.

2.8 Other formulations of the Second Law

In Chapter 1, dealing with thetwo laws of thermodynamics, the SecondLaw was
formulated as saying tha the amountof energy in the universe capable of work tendsto decrease
with time. An obvioudy equivalent formulation also mentionad there is tha the amountof
expendal (degraded) energy in the universe tendsalwaysto increase. TheFirst Law states tha
theamountof energy in the universe (usable or nat) remains condant throughtime. A joint
consquence of these two laws, however expressed, istha the energy expended in doing work

does notsmply go away but rather remainsin aform nolonge capable of doing work.
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At this point in thediscussion, other formulationsof the SecondLaw are also available.
An dterndive formulationin terms of randomrmess is tha theinddence of norrandom
occurrences tendsaways to decrease.

Put in terms of order and disorder, the Second Law states that the disorder present in the
universe tendsaways to increase while theinddence of order congantly decreases with time. In
these terms, the so-called Oheat deathOof the universe (section 1.7) is a state of complete
disorder. A conequenceistha al hgpopeningsin theuniverse at this point occur on a strictly
randombeasis.

Since expendeal energy, randommess, and disorder are all forms of entropy, a more
comprehengve formulation of the Second Law isto the effect that theamountof entropyin the
universe tendsto increase with time. An equivalent formulationis tha the amountof negentropy
in theuniverse tendsalwaysto decrease. This latter formulation will play acentral rolein

Chapter 3 when we bggin to consde theimplicationsof the Second Law for living creatures.

Notes

1. Treatments assodating entropy with randommess or disorder are standard today notonly
in branches of mathematical and sodal science, but al'so in thephydcal sciences where
the concept was first employed. For examplesin physcs, see E. Schroedinge, Whatis
Life?, and P. Bridgman, The Nature of Theemodynamics. For chemistry, see A

Dictionay of Chemistry (Oxford University Press, 2004) for ecology, H. T. Odum,

Environnent, Power, and Sodety; and for economnics, N. Georgescu-Roegen, The
Entropy Law andthe Economc Process. For computer science, see J. Rothgein,
"Generalized Entropy, Bounday Conditions andBiology," in R. Levineand Myron
Tribus(eds), The Maxim EntropyFormalism. For communication theory and ergodic
theory (both mathematical disciplines), respectively, see L. Brillouin, Sdence and

Information Theory, and Karl Petersen, Ergodic Theory.
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2. Thereisamovement amongrecent authors of chamistry textbooksto avoid illugrations
tha introdue entropy in terms of disorder, onthegroundsthat ordinary connottionsof
the term @isorder&tend to mislead beginning students (e.g., see

<http://www.entropyste.comV/cracked _cautch.html>). A casein pointisabow of

cracked ice which subsequently meltsinto water. Thisillugration can be mideading
insofar asthejagged ice appears visudly to beless orderly than the honmogeneousvolume
of clear water, suggesting erroneoudy tha melting resultsin a changefrom disorder to
relative order. Asany advanced student of thermodynamics should realize, however, the
molecules in a piece of ice are more highly ordered than the same molecules in theform
of liquid water. For theingructor to point this outwould seem to be an appropriate
exercise in astandad first year chemistry course. At any rate, the present reader should
be forewarned tha the conaepts of entropy as degraded energy and as disorder (degraded
order) areinterconnected only when disorder is understoodin an appropriate sense. An
appropriate sense introduced later in this chapter is disorder as randormess, correlative
with order as departure from randonmess.

3. Thislabd isused for passages containing technical material relevant to themain text but
not necessary for following theoverall argument. These passages are induded for the
bendit of thereaders who, for whaever reason, might be interested in more background
than themain text provides.

4. Significant work has already been donein measuring theflow of energy through
ecosystems. See section 4.6 and assodated endnoks. Measuring the objective structure
broughtaboutby thos energy flows is another matter.

5. By this, Schroedinge said he meant entropy with anegaion sign. Seethework cited in
thenote 1.5.

6. Prominent examples are Brillouin and Georgescu-Roegen, op. cit. The present author
adopted theterm in Cybernetics and the Philosophy of Mind (Routledgeand Kegan Paull,
London,1976). See also the more recent GCybernetics,Och. 9 in Stuart Shanker (ed.)




RoutledgeHistory of Philosophy, Vol. I X, Philosophy of Science, Logic and

Mathematics in the Twentieth Century (Routedge London,1996)
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