Chapter Two

A Critique of Plato's Biological Analogy

All true Christians are of one body in Christ.... All the parts of this body being
thus united are made so contiguous in a special relation as they must needs
partake of each others strength and infirmity, joy, and sorrow, weal and woe....
This sensibleness and sympathy of each others conditions will necessarily infuse
into each part a native desire and endeavor, to strengthen, defend, preserve, and
comfort the other.... The end isto improve our livesto do more service to the
Lord the comfort and increase of the body of Christ whereof we are members that
our selves and posterity may be the better preserved from the common
corruptions of thisevil world .... for this end, we must be knit together in this
work asone man ....
John Winthrop, first governor of the Massachusetts Bay Colony
(from a sermon aboard the Arabella in 1630)

There are anumber of other fundamenta conceptua wesknessesin Plato’s monigtic
mode of the state. In this chapter | will examine one such weskness. Plato’s insstence on
the unity of the good leads inexorably to histheory of the polis as an organic whole. For
Plato the health of the body isthe result of the near perfect cooperation between its parts
functioning for the good of the unit whole. Andogoudy, Plao's Kdlipolisis conceved as
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agate in which everyone functions, in near perfect cooperation, for the good of the unit
whole. It isfundamenta to the argument of The Republic that the hedlth of the dateis
anaogous to the hedlth of the body, and that, therefore, we can learn how to structure a
hedthy state by examining how hedth is achieved in the body. Thisview of biologicd
hedlth is centra to Plato’svison of thejust polis. Nevertheless, | will argue that this
conception of biologica hedlth is based on an incorrect understanding of biologica

regulation. When we carefully examine biologica regulation, we will seethat Plato's

monism will not tend to lead to healthy well-regulated cities but to dangeroudy unstable
politica cities.

Plato was neither the firgt nor the last politica theorigt to invoke the biologica
andogy. One hundred and fifty years earlier the physician Alcmaeon had advanced the
andogy in support of a quite different vison of society. And after Plato, Aristotle, Hobbes,
Rousseau, and Hegel, to name only afew, have each, in their own very different ways,
invoked the image of the Sate as the body writ large. Mogt palitica theorists have
perceived some similarities between the organization of the body and the organization of
the state, the regulation of the body and the regulation of body palitic. There has been
congderably less agreement, however, on what those smilarities are, and where the
andogy should lead us.

Contrary to what Karl Popper claimsin The Open Society and its Enemies thereis
little evidence that Plato himsdlf believed that the State exists as a Sngle organism, with a
life, ahistory, and an historica destiny of itsown. Unlike Hegdl* Plato does not seem to
have been concerned with either history or historians, much less hitoricism. He did not
hold an organic view of the state in this sense. Nevertheless, the degree of unity required in
Plato’s Kdlipalis effectively precludes the possibility of individua choices which may
conflict with the interests of the whole as defined by the monistic vison of the good. This
tendency to dissolve the individud into the Sate isafad flaw in any monigtic view of the
date. Plato, like Rousseau, saw the unity and harmony of the whole asthe only legitimate

way in which the interests and the rights of the individua citizen could be addressed. He
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recognizes no possibility of legitimate individud interests which do not in fact coincide
with the needs of the gate. It is doubtful that the notion of individud rights, as we
understand it, existed in the ancient world. Plato spesks of individud interests and desires
and not of rights. The notion of the rights of the individua become amagjor focus of
politica theory only with the Enlightenment. But even Rousseau, who does recognize the
concept of individud rights, does not seem to dlow for the legitimacy of individud rights
or interests which happen to conflict with the Generd Will. Judging by Plato and
Rousseau, Popper is correct in claiming that any gpped to the biologica andogy which
fails to recognize the interests and the rights of the individud is problematic. And Popper
is correct when he argues that most gppeds to the biological andogy do fal to adequately
recognize therights of theindividual. As has often been argued with great e oquence and at
congderable cogt in human lives, a human being is something more than smply a
component of the ate.?

Although | am in complete agreement with these criticisms of the biologicd
andogy, in this chapter | will argue that Plato's use of the andogy is fundamentaly flaved
in at least one other way aswdll. | believe that Plato's use of the analogy is flawed because
he did not understand the nature of biologicd regulation. Therefore, even were we to see
the state as a body writ large, we would not be led to Plato's palitical philosophy. Itisasif
Plato were saying that the ided city plan isasquare grid because the plan of the city should
mirror the plan of the solar system and the orbit of a planet isasquare. One could
legitimatdy question what, if anything, the plan of the city hasto do with the orbit of the
planets, which is what Popper and others do when they attack the legitimacy of any analogy
between the body and the state. But one could, as well, point out that the planetary orbits do
not describe squares, and if they were to do so, such orbits would be in contradiction not
only with the history of our observations of the heavens, but also with our understanding of
the mogt fundamenta rules of mechanics.
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My cam then is that the biologicd anadogy, as Plato concaivesiit, fals because
Plato does not understand the nature of biologica regulation.

It isthe wrong biologica anaogy.

It would follow that to whatever extent the hedlth of the State is andogous to hedlth
of the body, Plato's modd of the hedthy society could not be inferred from that analogy.
When we examine the mechanisms by which biologica regulation is accomplished we will
be led to an entirely different set of conclusions about the politica good. The modd
suggested by a correctly framed biologica andogy will have more in common with the
invisble hand mechanisms of Adam Smith than with the rationd rule of Plato's Philosopher

King, Rousseau's General Will, or Marx's clasdess society.

Stasis

In The Republic Plato argues that, just as the hedth of the body is dependent on the
unity and near perfect cooperation of its functioning parts under the guidance and control
of theintelligent part of the soul, so too, the hedth of the Sate is dependent on the perfect
cooperation of the socid orders under the intelligent guidance of men and women of
knowledge. And in the same way that perfect harmony among the partsis essentid to the
hedlth of the soul or the body, s0 too perfect harmony among the partsis essentid to the
hedlth of society. Stasis, aword which is generdly trandated in The Republic as
"divisveness" "disunity,” or "avil grife" is, for Plato, the ultimate evil in the Sate, the soul,
or the body. Neverthdess, it isworth noting that not al Greek authors use the word stasis
exclusvdy in this pgoraive sense. The word "stasis' seems to have two meanings which
are, to the Greek mind, related. It may mean "aposture,” or "astanding,” or "aclass.” In
Latin thissense of stasis becomes"status” Therefore, stasis, as an adjective, may even be
trandated as"dable" "deadfadt,” "seady,” "firm" or even "stagnant.” In the dternative it may

mean, "factious" "seditious™" divisve" "discordant.'® It isthis second sense of stasis that
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iscentrd to thethinking in The Republic. In The Republic, Plato uses stasis only in this
negative sense.?
If jugtice is harmony and unity for Plato then injudtice is civil drife (stasis), the
most dreaded of al evils® What, Plato asks, isthe ultimate evil in the soul? And he
answers.
It mugt certainly be akind of civil grife (stasis) among the three parts when one part
rebels and takes over another part's function, arebellion of a part against the whole
soul in order to ruleit. And thisisnot right, as the rebelling part is not fitted by
nature to rule but isfit only to be the servant of the ruling kind. We will say that
such things, such turmoail, and aberration, are injustice, and license, and, cowardice,

and ignorance, and, in aword, every kind of wickedness." (Republic 444b)

Judtice in the sateis unity, and unity isalack of stasis. Thisisarecurring dam
throughout The Republic particularly in Book 1V where judtice isfirgt defined, and in Book
V111 where Plato discusses how discord in the ruling group brings about the disintegration
of cities.

Since, for Flato, disunity (stasis) isthe greatest evil in the sate, heiswilling, aswe
have seen, to go to greet lengths to diminate possible causes of dissenson. Inhismind,
such causesinclude private property, private family relations, and even postic referencesto
dissension among men and gods.  Nor does Plato entertain any other notion of how the
unity of the state might be accomplished except through the eimination of faction. Plato
thus conceives of unity in afarly sraightforward way as alack of disunity (stasis) and as
Nicholas White daims, "He seems unconcerned with the possibility that the notion of unity
might be construed in other ways."

Thisassodiaion of biologica unity and regulation with alack of stasisis shared by
mogt of the politica theorists who defend the biologicad andogy, as well as by many of the
political theorists who attack it. Thus, for example, John Winthrop, founder of the
Massachusetts Bay Colony, says of his"City on the Hill" that "we must be knit together in
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this work as one man ... our community as members of the same body."” Rousseau's
Generd Will isjust such aunity, asis Marx's clasdess and therefore factionless® society.
And even some of the opponents the organic society conceive of organic unity in thisway.
Karl Popper, that champion of the open society construes organic unity asalack of stasis.
According to Popper the closed society is anadogous to an organic or biologica body. Itis,
he daims"Impossible to gpply the organic theory successfully to an open society,®
because in an open society there must be competition and, claims Popper, such
competition is incompatible with the organic theory of the Sate. 1t seems clear that the
dimination of stasis is often thought to be fundamenta -- by friend and foe dike -- to any
vison of society that relies on an organic modd.

Even prior to Plato, however, other models for the unity of the body had been
suggested. And they were models which embraced stasis.  For the physician Alcmaeon
(about 500 BCE) health was a matter of equality of rights (isonomia) which wasto be
achieved by a baance of opposites. Disease, on this account, then becomes monarchia or

therule of one

Hedth isthe equdity of rights of the functions, wet-dry, cold-hot, bitter-sweet and
the rest; but single rule among them causes disease; the single rule of either pair is
deleterious. Disease occurs sometimes from an internal cause such as excess of
heat or cold, sometimes from an externa cause such as excess or deficiency of
food, sometimesin a certain part, such as blood, marrow or brain; but these parts
aso are sometimes affected by externa causes, such as certain waters or a
particular Ste or fatigue or condraint or Smilar reasons. But hedth isthe

harmonious mixture of the qualities’®

While Alcmaeon dso spesks of harmony he means to achieve harmony by means of
isonomia or equa rights -- by means of stasis. Sinceisonomia was a politically-laden

term associated with Athenian democracy just as, eunomia, or good law, was associ ated

[10/22/02: E:\MyFiles\PLATO\sss2.wpd: Page 6]



with the Spartan Congtitution,** we see that harmony for Alcmaeon, in both the body and the
date, is not to be achieved by the smple dimination of al causes of dissenson, but by
maintaining a certain kind of balance. Reason, efficiency, and order are the trademarks of
Mato's organic theory, while Alcmaeon saw biological regulation in terms of balancing
naturdly opposing dements.

Smilarly, for Heraclitus, bdanceis achieved "By athing being a variance with
itsdlf, it coheres with itsdf; a back-stretched harmony, as of abow or alyre...(DK B 51)
One must redize that conflict (polemos) isinnate to dl things, and justice (dike) is drife
(eris), and dl thing come to pass according to strife and necessity (chreon).” (DK B 80)
Heraclitus seesjudtice (dike) and harmony coming to be as aresult of a process of
conflict.

We do not know that Heraclitus fragments refer to either biologica or political
regulation, but Alcmaeon's fragment directly addresses the nature of biologicd baancein
terms which are quite clearly politicd. And Alcmaeon saw stasis as necessary to the
regulation of the body and the state, and not asinimica to it. Developmentsin the science
of physiology in the 19th and 20th centuries suggest that Alcmaeon's ideas about biologica

regulation were more accurate than Plato's.

Plato's Psychological Analogy

For Plato the hedth of the sate isto be achieved not smply by unified control, but
by means of unified rationa or intligent control. And so, Plato's arguments on harmony
or regulation are often coupled with his discussons of rationa control and, in thistoo, he
establishes an analogy between harmony in the soul and harmony in the state. Although
often overlooked there is a distinction between what might be cdled Plato's biologica
andogy and Plato's psychologica andogy. Contral of the hedlthy soul is conscioudy
rationdl; control of the body may not be.
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Mato developed histheory of the soul in anumber of didoguesincluding The
Republic, The Phaedo, and The Phaedrus. Patois, of course, not a Christian and so his
use of theterm “soul” does not carry the religious meanings associated with Chrigtianity or
even Judaism. One might better think of Plato’s soul as the psyche dthough, in its way that
term is now aso mideading since it seems to carry the meanings bestowed on it by the
modern theories of psychology. Perhapsit isfor that reason, that commentators, myself
included, generdly continue to use the word “soul” in discussing Plato. In any case, for
Plato, the soul istripartite. It conssts of an appetitive part, a pirited part, and arationa
part. For Plato, the harmony that is justice is achieved when therationa part rules the
appetites. The appetitive part of the soul is the source, according to Plato, of conflict.

We may call that part of the soul whereby it reckons and reasons, the rational part of
the soul; and that part of the soul with which it lusts, experiences hunger and thirst,
and feds the flutter and titillation of other desires, we will cdl the irrationa

gppetitive part of the soul. It isthe companion of pleasure and the replenishment of
wants. (Republic 439d)

For Plato, generally speaking, the causes of disharmony (stasis) in the soul are
ignorance and the resulting usurpation of power by the appetites. By andogy, for Plato, the
primary causes of disharmony in the State are ignorance and greed. Ignorance in the
Kalipoliswill be diminated by education under the governance of the philosopher king,
and greed will be diminated by outlawing those things which cause men and women to
become greedy -- money, property, family. With reason in control, Plato is certain there
will be no stasis in ether the souls of individua men or in the polis.

Temperance (sophrosyne) works in a different way; it spreads literdly throughout
the whole gamut of the city bringing about the unison -- asin the Snging of the same
chant -- among the strongest and the weakest and those who are in between.... So we

[10/22/02: E:\MyFiles\PLATO\sss2.wpd: Page 8]



are quiteright in identifying with temperance this unanimity or harmonious
agreement between the naturally worse dement and the naturdly better dement as
to which must govern both the state and the individud. (Republic 432a)

Thus, for Plato, the hedthy psycheis one which operates not only in perfect unity
and interna harmony, but does so under the guidance of reason from the rationd part of the
soul. It isthrough the control of reason and knowledge that this harmony is to be achieved.
Thisandyds of the soul in The Phaedo led Plato to arather ascetic otherworldly
philosophy according to which men go around with their headsin the heavens and their
bodiesin the tar pits. Plato was certainly an advocate for the life of the mind rather than for
the life of the body. He saw the spirit as strong and the flesh asweegk. Just asthe Sateisto
be governed hierarchicaly by those with knowledge of the good -- the philosophers -- the
psyche was to be ruled by reason.

If we examine Plato's notion of hierarchica control, therefore, we can digtinguish
two logicaly diginct ements -- biologica hedth asalack of stasis, and psychologica
and palitical hedlth according to which thislack of stasisisto be achieved by means of the
governance of reason. It isimportant to differentiate between these two eements of Plato's
control theory -- reason and unity. My primary concern, in this chapter, however, isto
criticaly evauate Plato’ s notion of biologica unity. And so, | will begin by examining how
biologica unity and regulation is actudly achieved absent reason, and, once having done o,
| will examine what, if anything, rationa control would add to such regulation. In other
words, shce my quarre with Plato iswith his notion of biologica contral, | am not
concerned, for the moment, with who or whét isin control -- the mind, reason, the
philosopher king, HAL the computer in 2001, or the cerebra cortex. And so, in order to
concentrate on the nature of biological regulation in generd, | will, for the time being, skirt
the mind-body problem by subgtituting for the psyche, the activity of the cerebral cortex
and the centra nervous system acting asaunit. My concern, in this chapter at leadt, is not

with Plato's metgphysics and, only indirectly, with his ethics. Mineis, quite Smply, an
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argument from biology. It rests on our understanding of the actua mechanisms by which
the body achieves contral, regulation, and stability.

In particular, 1 will examine Plato's dam that bodily regulation or hedth is a matter
of lack of dissenson or divisveness -- that bodily control is amaiter of the eimination of
stasis. If it can be shown that, on the contrary, bodily regulation is achieved by means of
stasis, then Plato's use of the analogy from biology in support of a sate governed by a
single or monigtic hierarchy will not stand.

Although no scientific argument is entirely empirical, this analyssis not based on
competing models of biological regulation so much as on the observable mechanisms by
which such regulation is achieved. | will show that from abiologica point of view, the
critica flaw in Plao's thinking is his concept of harmony by means of guidance from a
unitary source. Biological regulation, even in asingle organism, is not maintained by
perfect cooperation between the parts under the guidance of a centra controller -- whether
that controller isinteligent or otherwise. The regulation and harmony necessary for the
hedlth of the body are, in fact, maintained by amultiplicity of feed-back systems usudly
operating relatively independently of, and in opposition or cross-purposes to, each other.
And, dthough the activities of the whole organism are guided both by genetic plan and, a
times, by the centrd nervous system, the guidance of the centrd nervous system is usudly
autometic, or, to use the technical term, autonomic rather than conscious, and the nervous
system itsdlf usualy operates not as a unit, but as two or more feed-back systems acting a
cross-purposes to each other. Therefore, we will see that control in a hedlthy body isa
matter of a balance of power, "checks and balances, forces and counter-forces,? rather
than amatter of central guidance and near perfect cooperation between the parts.
Moreover, these principles of biologica control are essentidly smilar & every leve of
biologica organization, the cell, the organ, the individud, the population, and the
ecosystem. Even in the population and ecosystem where there is no guidance from asingle
set of genes operating within a single body, the mechanisms by which biologica regulation
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are achieved remain essentidly smilar. 1t isatheorem of control system theory that

complexity is not afunction of the inclusiveness level of organization.™

Homeostasis

(a) History of theterm

What is biologicd regulaion?

A living body must be stable relative to the external environment, but it can maintain
its gability only if it is capable of modifying and adjusting to both externd and interna
gimuli. Thus, there are two very different requirements for the maintenance and
governance of aliving system -- sability and adaptability. At first glance there seemsto be
atension between thetwo. The more stable a system the less adaptable, and the more
adaptable the less table. William B. Cannon in 1929 coined the term “homeostasis™ in
acknowledgment of the complex nature of biologicd baance. The very term
"homeogtasis' would have been an oxymoron for Plato. A number of Cannon's
contemporaries aso had difficulties with the word. "Homeo" they correctly interpreted to
mean "smila rather than "same” but "stasis' many of them took to mean "gatic’
"immobile" "sagnant.'™ With this term, however, Cannon has, | believe, captured both
meanings of "stasis’ as well as both aspects of biologica contral -- stability and
adaptability. Curioudy the term "homeostass' has survived as amedica term in part
because in the attempts to refine the notions by Rosenblueth and Wiener’® an dternate
Greek word meaning "government” was introduced in the 1940s. Rosenblueth and Wiener's
term, "cybernetics” isno longer in genera use with respect to biologica regulation. It was
avictim of its own popularity in other fields.

Biologicd gahility, homeostad's, in not what physcigts or chemists means by
equilibrium. For aphydcig something is a equilibrium when it is & rest relative to its
environment. When abiologica entity isa rest with repect to the externa environment it
isdead. Liferequires constant change and adaptation. If the externd temperature rises
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rapidly, our body must cool itself, and so we perspire. If the externd temperature falswe
must heat oursdves, and so we shiver and burn more energy. Human beingslivein
temperatures well below freezing and in temperatures well above 1000 F. Neverthdess,
internal body temperatures are generaly maintained within one or two degrees of an
individual's norma bodily temperature in the range of 98.60 F. Deviations of even afew
degrees mean illness, and deviations of more than afew degrees will lead to death. If we
come into abright light, our eyes adjust or we are blinded. 1f we see an automobile bearing
down on us at speed, our adrend glands activate a host of fear-and-flight responses which,
once we have responded to the danger, must be brought back into balance. These are
obvious adjusments. What is less obvious are the tens of thousands of adjustments the
body makes every minute of our lives. To maintain bodily posture aone requires thousands
of adjustments a minutes.

Theliving being isstable. 1t must be so in order not to be destroyed, dissolved, or
disntegrated by the colossdl forces, often adverse, which surround it. By an
gpparent contradiction it maintains its Sability only if it is excitable and capable of
modifying itself according to externd stimuli and adjusting its response to the
dimulation. Inasensg, it is sable because it is modifiable -- the dight ingtability is
the necessary condition for the true stability of the organism.’

Life requires congtant change and adaptation. Lifeislike dancing a pirouette -- on a
tight rope -- in the wind -- while dodging the occasond bullet. Equilibrium iswhat happens
when the dancer fdls.

The more evolutionarily advanced the animd, the more numerous, complex, and
autométic the regulatory agencies. In man there are physiological homeodtatic controls
over avery wide range of factors -- from body temperature, to the fluid balance of the eye,
to virtudly every agpect of blood chemistry. Homeodtatic control mechanisms dlow the
body to function while maintaining a dynamic congtancy in what Claude Bernard, the great
French physiologist of the 19" century, named the milieu intérieur -- the internd
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environment. The dynamic ability of thisinternd biological environment is aosolutely
necessary for the surviva of the system, and it is these networks of homeodtatic agencies
which provide the biologica infrastructure and support not only for our conscious mental
activities but dso for our ability to rgpidly adjust to changesin the externd environmen.
The ability of an entity to continually respond to and adapt to externa stimuli has
long been seen as an aspect of any biological life form. Both Braithewaite and Nagel'®
maintain that the concept of system adaptation provides akey to the very definition of life,
and a'so an acceptable framework in which to vaidate, to the modern philosophical mind,
teleologicd explanations. Thereislittle question that adaptability and, more particularly,
feed-back mechanisms which dlow for both adaptability and the maintenance of
homeodtatic control are accepted as characterigtic of life formsin generd. What is of
interest in this discussion is not Smply the need for homeostasis to maintain life, but the
mechaniams by which homeostassis maintained. And it is primarily the scientist engaged
in medicd research, not the philosopher of science, who has explored the mechanisms for

system adaptation.

(b) The Regulation of Serum Glucose as an Example of Biological Control

The regulation of sugar in the blood, serum glucose, provides an excellent example
of homeodtatic control mechanisms perhaps because a great deal of research has been
devoted to the subject and much is known.*®  Furthermore, because much of this research
has been fueled by a desire to improve the treatment of diabetes, the laboratory work has
been well-tested by clinica application.

Glucoseregulation is critica to surviva. Under norma circumstances glucose
provides the principa energy source for the brain, and the principle fud for the centra
nervous system under most conditions. It is aso the preferred metabolic fuel for muscle
tissue particularly during emergency Situations. Normad, at rest, glucose readings are in the
range of 100 milligrams per deciliter of blood (100 ml/dc). During times of stress,
elevated activity, or directly after ingesting sugars, serum glucose levelsrise very rapidly.
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In fear and flight Stuations glucose levels may shoot up to 400 mi/dc. In fear and flight
Stuations, surviva may depend on our ability to suddenly and very sharply increase glucose
supply to muscle without diminishing glucose delivery to the brain. In themsdlves, however,
elevated blood sugar levels are dangerous. If glucose levels are not brought, dmost
immediately, back down to normd levels, the body faces the possibility of diabetic coma.
Even devated blood sugar levels of 180 ml/dc, if prolonged, are dangerous to the body and
life-threstening.® Since the introduction of insulin thergpy most diabetics do not die of
diabetic coma, but from those conditions, including heart disease, kidney falure, and
blindness, which are associated with chronic hyperglycemia. Diabetes Mdlitus can be
diagnogticaly defined as fasting glucose levelsin non-pregnant adultsin excess of 120
ml/dc.

On the other hand, a sustained drop in serum glucose to below 60 mi/dc is even
more dangerous. Even brief hypoglycemia can cause profound brain dysfunction, and if
prolonged, severe hypoglycemia causes brain death. That is, very low blood sugar, results
in convulsions, shock, and death. When the body corrects for hyperglycemiait has a
tendency to over-correct and fdl into hypoglycemia. Evenin norma people we experience
aburgt of energy after ingesting sugar but may some twenty minutes later experience quite
the reverse. In the case of the diabetic under insulin trestment, these oscillations can be
very extreme indeed, and the diabetic's lifeis at times as likely to be threatened by insulin
shock (very low blood sugar) as by diabetic coma.

Thus, it is dearly essentid to maintain glucose levels within certain close
tolerances once the immediate need for eevated glucose levelsis passed. Thisisa
difficult and ddlicate task since, for any number of reasons, the body's need for devated
glucose may vary enormoudy from moment to moment and the need for eevated glucose
rarely coincides with periods of carbohydrate ingestion.

How are glucose leves in the blood regulated?

Regulating sugar intake is the one entirely conscious method of regulation of blood
sugar. Athleteswill quickly ingest sugar drinks during a game and diabetics may carry a
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supply of orangejuice, drinking it when they fed they arein danger of dropping into shock.
While minimizing sugar intake may seem a sound preventative hedlth practice for a
sedentary population, regulating sugar intake is not normaly the primary method for serum
glucose regulation. In ahealthy person careful monitoring of sugar intake is not necessary,
and in adiabetic it is often not, in itsdf, sufficient to avoid disease and death. In all cases,
regulating intake, while not unhdpful, is an exceedingly dumsy means of regulaion. The
conscious method of regulating blood sugar would work far better if we were dl strapped
immobilized to hospitd beds where both our ingestion of glucose and our need for glucose
were fairly constant. Unless aperson isin hospital, and linked to an intravenous glucose
drip, sugar intake is not congtant nor isit timed to the varying needs of the body.

Plato would claim that the knowledgeable doctor could prescribe for the patient the
rational or best schedule for ingesting glucose, and the life style best suited to such rationd
control. But it ison the regulatory mechanisms of the healthy person, and not the digbetic,
which heis claming to modd his ate, and a healthy person does not require such control
by a knowledgeable doctor. 1n some respects, Plato, with his philosopher king, has
modelled his state on the regulatory mechanisms of a diseased body and not on the
regulatory mechanisms of a hedthy body.

How does a hedlthy person's body regulate serum glucose? When sugar isingested
thereis an dmost immediate increase in glucose levelsin the blood, but in a hedthy
individual serum glucose levels do not remain devated. The glucoseis ether used
immediately asfuel, asin the case of the athlete, or, more likely, it is stored. Most glucose
cannot be stored as glucose. The body must convert and store agreat dedl of glucose, and
must be able to retrieve serum glucose dowly during period of fast, and very rapidly during
periods of high activity. While the amount and rate of ingestion of sugarsis certainly a
critica factor for many diabetics, for the hedthy persons, glucose regulation is a matter of
the movement of glucoseinto and out of Sorage asit isrequired. The primary question for
physiologists of the 19th century was where and how is glucose stored in the body, and
under what conditionsis it released from storage?
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Prior to Claude Bernard, it was bdlieved that only plants could create glucose and

that therefore any glucose in plasmawas adirect product of ingesting sugars. Claude

Bernard noted the presence of glucose in the hepatic vein of adog which had been deprived

of dietary carbohydrates for several days. He began a series of experiments which seemed

to establish that glucose was stored in the liver as glycogen from whence it could be

released into the blood (glucogeness), and that glucose production continued

(gluconeogenesis) in the liver even after glycogen stores had been depleted by prolonged

carbohydrate deprivation or by diabetes.

Bernard believed that the storage, release, and cresation of glucose was controlled by

the central nervous system, but he concluded that the central nervous system was itsdlf

functioning as two control systems for the purposes of glucose regulation.
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Bernard's famous piqUre experiment convinced him that glucose homeostasis was
regulated by a baance of opposing influences originating in the centra nervous system and
mediated by nerfs assimilateurs and nerfs désassimilateurs, which exerted respectively
anabolic and catabolic influences on glucose metabolism. This was the first suggestion that
a Sherringtonian "push-pull” system of biologica antagonists might regulate the inflow and
outflow of glucose ...%

Bernard's understanding of glucoregulation was remarkably prophetic snce he died
in 1878, eeven years before the role of the pancreas in glucoregulation was discovered,
and fifty years before the discovery of insulin by Banting and Best.

William B. Cannon writing in the 1930s helped to develop a more advanced, but il
incomplete, understanding of the mechanisms of glucose homeostass. By the 1930sthe
nerves which seemed to be respongible for the push-pull mechanisms of glucoregulation
had been identified. Cannon knew that stimulation of the pancreas by the right vagus nerve
causes insulin to be produced which, in turn, causes glucose to be taken out of the blood
and gtored as glycogen. And, as Bernard had first noted, stimulation of the adrena gland by
the sympathetic nerves causes glycogen stored in the liver to be converted to glucose and
raises glucose levelsin the blood. Cannon and the researchers of his generation
established that the two nerve systems functioned independently of each other with respect
to the regulation of blood sugar. Either system continued to function whether or not the
other wasin place. In generd, the sympathetic and vagus nerves rarely work together.??
The sympathetic nervous system and the vagus nerves both reacted, independently of each
other, to the concentration of glucose in the blood aswell asto other stimuli. Notably, of
course, the sympathetic nervous system responded to externd stimuli in causing the
adrend glands to release hormones. The action of the adrenal glands resultsin an dmost
ingantaneoudy eevated blood sugar. In contrast, the release of insulin resultsin arapid

decrease in blood sugar.
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Thus, in establishing the role of the nervous system in simulating the control of
glucose, researchers had identified at least two hormones which were involved in the
homeostasis of glucose. Using Bernard's schema these two hormones corresponded to the
assimilateur and déassimilateur functions. Having identified the role of at least two
hormones in the contral of glucose levels, Cannon investigated the extent to which any
neura involvement was necessary to the push-pull homeostatic mechanisms. Cannon
edablished, experimentaly, that the mechanisms for the regulation of glucose could
operate entirely independently of the nervous syssem. He was able to surgicdly remove the
sympathetic nervesto the adrena glands and the vagus nerve to the pancreas and, at least
under |aboratory conditions, glucose regulation did not seem to be affected. In fact, the
experimenta animals continued to live for years afterwards. Clearly, under [aboratory
conditions, chemica triggers to the glands are sufficient to control glucose levels. Oncea
critical levd of glucose isreached insulin is reeased whether or not there isinvolvement
by the sympeathetic and vagus nerves. Thus, while involvement of the nervous sysem is
hel pful to glucose regulation, it does not appear to be necessary under laboratory
conditions. 1t might, of course be necessary if the cats were required to hunt in order to
live or were themsealves subject to attack by predators.

To Cannon the question of humora as opposed to neurd involvement was important.
For the purposes of this paper, it is more important to redlize that as our understanding of
these phenomena grew, the factors and systems which seemed to be operating to control
sugar multiplied. It should aso be noted that even the involvement of the central nervous
system, as postulated by both Cannon and Bernard, does not entail a unitary or centraized
control. Cannon characterizes this regulation in fundamentally the same terms as Bernard.
Regulation is achieved by two sysems working raively and, a time totaly, independently
of each other, and in opposition to each other. Each of the hormona mechanisms seemsto
respond to chemica changesin the blood and not directly to sgnas from other hormona
systems.

[10/22/02; E:\MyFiles\PLATO\sss2.wpd: Page 18]



Both the catabolic and anabolic hormones are in circulaion at dl times, dthough the
amount in circulation may increase or decrease to meet the regulatory needs.  Cannon was
well aware that hormond activity is not unique in this respect. Sherrington developed
push-pull theories for muscular control and, as we have seen, neurd activity, at least asfar
as homeodtasis of glucoseis concerned, is aso amaiter of amultiplicity of opposing
systems. The vocabulary of push-pull, agonigt-antagoni<t, force and counter-force,
permeste discussions not only of the endocrine system but aso of the neura and muscular
control of the body. Furthermore, the physiologica anayssin terms of these forces and
counter-forces predates by decades any forma mathematica treatment of feed-back
control systems.

Certainly with respect to externaly generated intruders, the vocabulary of
oppositionis part of our common language. We know that the presence of toxins often
gtimulates the production of anti-toxins, and that the presence of foreign bodies may
gimulate the production of anti-bodies, but we tend to see these reations in terms of
sample cause and effect rather than in terms of systemsin opposition. And we tend to see
these relations as fundamentaly defensive -- the body warding off externa threet. The
systematic implications are clearer when we look at the body's own agonist/antagonist
mechanisms which exist largely independently of externa influences. Here we see that not
only are the dements which provide homeostatic control acting often in opposition to each
other, but that they are generdly dl in operation, S0 to speek, a the sametime. Thus, it
might seem that the pH of blood is maintained a 7.4 in the same way that the pH of
hydrochloric acid is maintained by adding to the acid more or less acidic materid until the
desred pH is achieved in a homogeneoudy acidic solution. But this sort of uniformity is
not present in blood. The pH of our blood is instead maintained by the presence in the
blood of both akalines and acids smultaneoudy. The pH of the blood is a hedthy levels
when the overall dkalines and acids are baanced in the degrees equal to produce pH 7.4.
The dectrolytes, sodium and potassum, are controlled in Smilar ways. And the calcium
level of the bodly is regulated by means of at least two hormones. The parathyroid gland
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secretes parathormone (PTH) at arate that varies inversaly with the plasmacacium leve.
The thyroid secretes another hormone, calcitonin (CT) a arate that varies directly with the
cacium level. Both hormones are present in plasma at norma calcium levels but their
effects are antagonidtic in that PTH serves to protect againgt low cacium levelsand CT
protects againgt high calcium.?

Aswe shdl see, the presence of these systems operating in opposition is not merely
an accident of nature. Forces acting in opposition are essentia to the maintenance of
homeostasis -- indeed for balance in any adaptive feed-back system.

It would be a mistake to dwell on the dudity, as opposed to the plurdity, of these
mechanisms. Biologica regulation is not Hegdian. It isnot a case of some sort of
endocrinologica thess and antithesis resulting in a synthesis which resolves one set of
contradictions while perhaps creating others. In fact, in biological regulation thereisno
gynthesis but a continuing dynamic antithes's -- a Stuation which maintains itsdlf in balance
by means of countering forces with opposing forces. And, as we learn more, we see that
biologica regulation tends to be multifaceted. So, we know now that the metabolism of
blood sugar is far more complex than Cannon bdlieved. The hormona maintenance of this
sngle circulating metabolite, the blood glucose, involves at least ten hormones and Six
endocrine glands.

Such systems may be hierarchica in organizationa structure. 1t may be the brain
which derts the adrend gland which activates the release of glucose from storage. But
even in the case of hierarchica controls what we see are countering hierarchies
interrdlaing in very complex ways2*  The relaions between the hormones can be additive,
cooperative, prepardive, or opposing, and it is only by considering the whole system that
the processis understood. For example, the conversion of stored glucose in the form of
glycogen from the liver and muscle is stimulated by at least four hormones -- glucagon
(between medls), epinephrine (particularly in stress Situations and for the more effective
suppression of insulin, cortisol, and thyroxine). At least four hormones are involved in

gimulating the production of glucose from fat and protein -- cortisol, growth hormone,
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glucagon (which acts here primarily as an insulin suppressant) and epinephrine.
Juvenile-onset digbetes, which in its mogt virulent childhood form is associated with a
deficiency of insulin, may be such athrest precisely because while there are severd
hormones involved in defending the body againgt the immediately catastrophic effects of
low blood sugar levds, insulin is by far the most important hormone depressing blood
sugar levels. Inasense, insulin istoo important -- too overwhelming afactor. With so
much dependent on the activity of this sngle hormone, the breakdown of biologica
regulation ismore likely -- and digbetes is the result.

If the regulation of glucose is taken as an example of biologica governance, then
biologicd regulaion is certainly not amatter of hierarchica control in the Platonic sense.
It isdearly not a perfect unity among the parts under the intelligent guidance of a system,
which, when functioning properly, functions with near absolute unity or harmony.
Biologicd regulation is not achieved in thisway.

Would Rational Guidance Improve Biological Regulation?

For the sake of argument, a Platonist might concede that biologica controls are not
unified, nevertheless, the Platonist would maintain, the body without rationd guidance, is a
most avery imperfect guidance system. It isimperfect, they might claim, not smply
because the controls are not unified but aso because the controls, for al animals and for
the overwheming mgority of biologica human beings are not intdligent and retiond.
Unified rationd or intelligent control would, according to the Platonigt, further improve
the balance and enhance the unity of the body. Such a Platonic counter-argument deserves
careful examination if only because virtudly al efforts a socid and economic planning in
the last century have rested, implicitly or explicitly, on such reasoning. To gppropriate
John Stuart Mill's language, | have been describing the regulation of blood sugar inapig. A
Platonist might prefer to discuss the regulation of blood sugar in Socrates.
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It seemsto me that there are two separate questions at issue here for the Platoni<t.
Firg there is the question of whether intelligent control, in the Platonic sense, would, in
fact, improve overal biologica performance; and second, there is the question of whether a
biologicd function as ordinary (in the sense that it is shared with virtuadly al animasand in
no sen<e reflects the potentia of the human mind) as control of blood sugar should be
taken as our modd of biologicd regulaion. All animas control metabolism, but only the
higher animal's control emation and conscious thought. It is here in control of our higher
functions that the Platonist might argue for a different mode of biologica regulation.

| believe that Plato himself would have made both of these clams. Firgt, that
Socrates, by virtue of hisintelligence and rationd control, would be better than the pig even
at contralling the metabolism of sugar, and secondly, that Socrates, by virtue of his
intelligence and rationa control, would be more successful overal as an organism than the
pig. Reason, Plato would argue, offers a higher form of biological regulation. We can
address the second question by answering the firgt: can the efficiency of biologica control
systems be increased by rationa control? Thisis not a question of reason supplementing
homeostatic oppositiona mechanisms, but of reason replacing them.

At firg glance the Platonic position seems entirely plausble. For a Platonist who
models al knowledge on Euclidean geometry, multiple systems operating a odds with each
other are not aestheticaly pleasing. Thereisa certain lack of eegance, in the mathematica
sense, a certain confusion, amessiness. At times biological controls seem redundant and
wadteful in the extreme. Thisis particularly true when the body defendsitsdf in what it
takes to be emergency Situations. In such stuations the body works asif the margin of
safety is everything -- efficiency and rationa economy count for nothing. When, for
whatever reason, glucose levels drop below the normd leve, the body will begin to
consume muscle tissue and even brain cdlsin order to supply sufficient glucose to the
brain to avoid shock. Sdlf-cannibdization is not too strong aword to describe this process.
Would centrd intelligent control of the glucose system be superior in such Stuations?
Would it spare usthat?
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Although it isin not intuitively obvious we will see that Platonic rationdity would
not in fact improve the metabalic function of the pig.

The Mathematics of Control Systems

To understand why rationa control would, in generd, not successfully replace
homeodtatic biologica contradl, it is hdpful to step away from biologica systems, the
amplest of which are very complex and, for the most part, well beyond the technical scope
of existing mathematica techniques, and examine the logic of smple mechanical feed-back
systems. In doing so we move from the regulation of biologicad systemsto the generd
theory of control sysem mathematics. Biologica control theory antedated the formal
mathematical theory by many years. Physologigts, a least Snce Claude Bernard, have
redized that biologicd control was effected by means of systems of complex, interrel ated,
biologica regulators. The mathematical theory was developed in response to the need to
understand control systems of antiaircraft guns and guided missiles during WWII. By
coincidence Leonard Bayliss, noted physiologist, and son of one of the pioneers of modern
physiology, was akey member of the British Army Operational Research Group which
worked on these problems of military control systems, and, in particular, the guidance of
antiaircraft guns. Bayliss himself, therefore, was in the forefront of research both as
physiologist and as engineer. He spoke the language of biology aswell as the languages of
mathematics, physics, and engineering. He clearly recognized that the mathematics of
control system theory could be extended from mechanical and dectricad systemsto
biologicd sysems. He aso recognized that even the smplest biologicd systems are much
more complex than physica systems but he, Grodin, Jones?® and othersin the 1960s and
1970s were convinced that biologists could better understand certain aspects of biologica
control by examining those aspects in Smpler mechanica sysems. Throughout this
period, therefore, some biologists worked diligently to reduce biologica control systems
to the equations of control system mathematics athough each had to contend with the
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natura communication barriers between biologists and engineers. Control systems
equations may never be able to gpproximate the enormous complexity of biologica control
mechanisms, neverthdess, the underlying logic of biologica control can be understood in
terms of such control theory. At the level of purely abstract philosophical theory, control
system mathematics is helpful in understanding biological regulation even if the precise
equations for glucose regulations may never be devel oped.

In reviewing the literature, we see that there was a great dedl of optimism in the field
of control systlems theory in the 1960s. This optimism was based not only on recent
advances in guidance and control mechanisms, but on the invention and widespread use of
the digita computer. Mogt biologica control systems are not linear in the sense thet linear
means that output is proportiona to input. Many non-biologica control systems are not
linear. To dete, thereisno generd theory for the solution of non-linear differentia
equations, but it was believed that non-linear systems can be gpproximated by linear
systems. According to Littlewood's pivotd theorems amost every function can be
gpproximated almost everywhere by a continuous function and that amost every continuous
function can be gpproximated by a sequence of increasing step-wise linear functions. Since
thereis no generd theory for solving even linear equations, finding solutionsis often a
matter of agreat many time-consuming computetions. With the invention of the digital
computer, however, Bayliss and othersin the 1960s were convinced not only that
non-linear control systems could be approximated by linear control systems but aso that
finding solutions for these differentia equations was Smply ameatter of computer time.

And they assumed once solutions had been found, a theory for finding such solutions would
follow. Asit happens the computer work which mathematicians optimistically believed
would be helpful seemsto have established that non-linear systems do not behave like
linear systemsin some criticaly important ways. For example, very dight differencesin

the initia conditionsin non-linear functions may lead to infinitdy different vaues. In
particular, even very smple non-linear control systems have the capacity for different kinds
of ingtability than do linear control systems. To use the newly coined technica term,
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non-linear functions may be chaotic. Chaos theory does not disprove Littlewood's
theoremsiit just renders them practicaly irrdlevant in many situations?®

While Chaos Theory tended to undermine the development of certain theoretica
agpects of the mathematics of control systems, its only effect on the argument in this
chapter isto further weaken the case for the Platonists and the planners. If, aswe will
show, even the smplest linear control systems cannot be rationdly controlled in the way
Pato imagined, it is certainly the case that chaotic functions will be even more resstant to

rational or Platonic contral.

(a) A Smple M echanical Feed-back System

Let us consder one of the smplest mechanical feed-back system -- the home
heeting sysem. Conceptudly there are a least four dementsin the smplest mechanica
feed-back systems.
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The furnace or plant itsdf, the thermometer which measures the temperature in the house,
the automatic control or thermogtat by which a change in the measurement of the
temperature activates some sort of regulating valve on the fud supply to the furnace. In
most household systems the thermometer and thermostat are housed in the same unit and
the control valveis physicdly apart of the furnace. But conceptudly, at leedt, itissmpler
to think of them asfour digtinct dements, the plant, the measurement device, the
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automatic control unit, and the regulating unit. The system isingtaled for the purpose of
holding the controlled condition (the temperature in the house) within some desired range
of vaues. However, there would be no control action whatsoever unlessthereisa
departure from that desired range of values. The purpose of the feed-back systemisto
keep such deviations to a minimum and bring the temperature back to the desired levels as
rapidly as possible after there has been a deviation.

We dl know how such asystem works. If the temperature in the house rises beyond
the controlled range, as aresult of ether interndly or externally generated hegt, then the
thermogdtat Sgnas the fud intake vave to choke down, or, in some systems, sgnadsthe
furnace ignition to disconnect. (For smplicity's sake let us suppose that thisis a furnace
system with asmple on/off mechanism.) Similarly, if the temperature fdls beyond the
range, the thermostat reconnects the ignition or the fud intake vave. For most households
this angle feed-back system is sufficient to keep the temperature within a desired range.
Let us suppose, however, that one requires -- as one might in alarge office building with
sophisticated computers or as one might in an incubator -- to keep the temperature to
within avery narrow range of variation under a greet many different conditions. As counter
intuitive as it might seem, large office buildings often Smultaneoudy run ar conditioning
and furnace units. Control is a one and the same time more precise and more efficient if
there are two thermogtats -- one on the furnace and one on the air conditioner, and if these
thermostats operate independently of each other. It isnot that both the furnace and the air
conditioner are operating under amaster plan. The furnace's function isto heat until the
thermostat switchesit off. The air-conditioners function istoo cool until the thermostat
switchesit off. The result of the operation of both the furnace and the air conditioner is
that the temperature is better maintained within acceptable steady-gtate rangesin the face
of awide range of externd and internal shocks to the temperature control syssem. The
temperature control would be further improved if there were automatic light sensorsto
operate black-out window shades when the sunishot. It would operate still better if there

were automatic heat and wind sensors to operate doors and windows to protect the

[10/22/02; E:\MyFiles\PLATO\sss2.wpd: Page 28]



household temperature from outside changes, and to exploit those changes in the externa
and interna environment, such as cooking, which might help to maintain temperature a the
ided ranges. With so many censors activating so many mechanisms the resultant heat
control system might seem chaotic, inefficient, and, in aword un-Platonic, but we will see
that the system, as a whole, would work far more efficiently than would the single furnace
feed-back loop if the primary god isto prevent and to rapidly correct variationsin
temperature which might result from changesin ether the internd or externd environment
of the building.

Thisisthe case because of the inherent limiting conditions of control systemsin

generd.

(b) System Lag

In every feed-back control system there are necessary lags. A thermometer does
not measure temperature ingtantly. 1t depends on the expansion of some mass, and that
expanson takestime. We might call this a measurement lag. In control theory it iscaled a
finite lag which means that, measured in terms of the output, the effect of the lag gppears

al a once.
Furthermore when the furnace is reignited by the thermostat the full effect of that

changeis not fdt immediately. Thereiswhat we cdl a plant lag before the temperature

rises. Ingenerd, the curve of risng temperature might look like:
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Figure 3

The response is not indantaneous. Theinitid response is samdl, and then the actud
temperaure rises fairly rapidly up to and beyond the range of thermodtat settings. The
effect of thislag ismore gradua and it is called an exponentid lag but it is ill alag.
Adjustment of the system takestime. It is criticd to remember that the thermostat controls
the measured temperature and not the real temperature at the ingtant the furnace isignited.
In any control system it is the measured vaue and not the red vaue that is controlled.

Let us suppose now that with the furnace till on the temperature in the room is at
the high setting on the thermodtat. As the temperature passes through the high setting on the
thermodtat, a measurement istaken. But there is a measurement lag before the furnaceis
actudly turned off, and the temperature in the house will continue to rise during that
lag-time. Thereisafurther plant lag before the full effects of the furnace disconnect are
fet and during part of that time the temperature in the house may continue to rise dowly.
Therefore, the temperature in the house peaks not when the furnace is turned off but
afterwards -- at a somewhat higher setting.
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Figure4
Extending this diagram we see that even if there are no external or internal changesin
temper atur e the curve which describes the temperature in the room is out of phase with the

theoretica settings on the furnace and the changes are not of the same amplitude.
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We now have two kinds of errors even in the absence of changing stimuli -- the
amplitude of the oscillations, and the time delays introduced by thelags. The system
oscillates describing a curve smilar to that made by a spring or a pendulum oscillating once
put into motion by aforce. Theidea Newtonian spring or pendulum, not acted upon by
friction, air currents or other "accidents' of nature, would continue to oscillate indefinitely
a the same amplitude.

In the home heeting system these errors do not seem to cause significant
operationa problems. We believe we can minimize the effect of these errors by resetting
the thermostat. Why not set the thermodtat with the error in mind? After dl, the purpose
of the thermogtat is not to go on and off at arbitrarily set intervas, but to control the
temperature at or closeto adesired vaue. Theoreticaly, if we could set the thermodtat to
turn on and off at that desired level, the curve would seem more acceptable for our
purposes. The frequency might be much higher, but the amplitude smdler. Operationdly,
however, this would not be feasible because the furnace would adways be turning off and on.
The thermostat must operate on an interval of temperatures -- but why shouldn't we set a
vey smdl interva? Again, this might be feasble in a conventiond home heating system,
but not in a home hegting system where massive and amost instantaneous responses might
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be required. Then, amuch larger furnace would be required and ether the system would
switch on or off well before the massive adjustment could be accomplished, or the furnace
would oscillate even more widdly like atight roper walker seeking to regain balance.

To return to the biological example, setting the glucose "thermostat” to very narrow
limits might work for the cat in the controlled |aboratory conditions but not for acat living
anormd life. That cat requires at least the possibility of rgpid and extreme eevations of
blood sugar. The capacity to oscillate is necessary for the cat's capacity to adapt.

In the case of the furnace we might, as an adternative, choose to set the thermostat so
that there would be wide discrepancy between the high and low settings. This might dow
the oscillations and, the conservationigstell us, conserve energy.  Clearly, the
disadvantage here would be that control within anarrow limitswould be logt. The cat would
be cycling continudly between hyper and hypoglycemia

In general, in all control systemsthereis a trade-off between steady state control
within narrow limits, and the ability of the system to react quickly to rapidly changing
inputs. Again, think of a control sysem asaspring. A siff spring will have the capacity to
bring about rapid and powerful responses to simuli, but it will also bring about
correspondingly dramatic oscillations. How do we preserve the ability of the system to
respond to stimuli, and yet return to and maintain a acceptable steady State tolerances?

(c) Lag often Multiply

Even with unacceptable sacrifices in sability and adaptability, we may not have
prevented other problems which are associated with lag. Lags multiply. In some
circumgtances even very smdl lags may build and critically undermine control unless
countered. Again, imagine asmple control Stuation. Imagine yoursaf on ahighway in
heavy traffic. Your gods are to maintain a constant speed as close as possible to the speed
limit, and to maintain a congtant distance between your car and the car directly in front of

you. If the car in front of you decreases velocity, you will decrease velocity as wdll -- but
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not quite a the same ingant. Theinterva between the moment when the driver of amotor
car sees an obstruction and the moment when he applies the brakes may be about 1/4
second, during which time, if his speed were 60 miles per hour, he would travel about 22
feet.?’

The example of cars on afreeway is hdpful in understanding certain aspects of
biologica regulation. Think of the highway as alarge number of units or cdls dong which
adggnd travds. Similarly, hormond signds move cdl-by-cell throughout the body. The
mechanism for movement aong the “highway” of cdlsis often diffuson which depends on
concentration gradients across cell membranes. Even once in the blood, transmisson of a
sgnd isrdativey dow. In humansit takes about 10 seconds for a blood-borne sgnd to
travel from our feet to our brain. Neurd transmissons are faster than humora signals, but
it isamistake to assume that nerve sgnalstrave a the speed of eectricity or about
300,000 kilometers per second. In fact, nerve sgnalstrave at speeds varying from 1 to
100 meters per second because in order to create the eectrica chargein anerve cdl there
must be movement of dectrolytes across cell walls. There are significant lags a each
dage of the transmission of these Sgndls.

Imagine yoursdlf back on the highway. It takestime for sensor cdllsin the eyesand
for the optic nerves, as the measuring devices, to communicate to your mind, as the control
device. Your mind, the control device, must then send asignd to the muscles of your legs
and feet s0 that your foot is removed from the accelerator and applied to the brakes.
Clearly measurement and control lags are introduced at every stage of the process. Then
too, it takes time for the car to decelerate even after you have moved from the throttle to
the brakes -- aplant lag. The sum of these lags can prove fatd if the car in front of you
stops suddenly. It is not that there is not enough time, and space to stop if they stop.?®
Theoreticaly, both cars can stop in the same amount of time and the same amount of
distance. The collision results only because thereis alag between the firgt car's and the

second car's ability to stop. Thisis not smply amatter of human error. Even were the two
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automohiles to be automatically controlled there would be alag, dthough it might be less
of alag.

The danger of such collisonsiswell known to any driver who has managed to pass
the written examination for adriver'slicense. What was less clearly understood until the
development of queuing theory in the 1950s and 60s is that thislag builds very rapidly when
more than two cars areinvolved.?® Suppose that a car haf amile ahead of you sows by two
milesan hour.  One might think that each of the following cars would dso dow by two
milesan hour. In fact, each of the following cars dows by somewhat more than the car in
front of it, and, therefore, if acar half amile ahead dows two miles an hour it is not unusua
for traffic to dow avery great ded further up the highway if thereis only onelane and
traffic is near saturation. Now suppose that thisis not an open loop but a closed loop
highway. Suppose that the highway is like arace track and we are not going from point A to
point B but we are making lgps. In that case, a car dowing by 2 miles an hour will not only
dow al subsequent cars, but it itsalf will be further dowed as the lag moves dong the
circuit of thetrack. Inthis sense, the lag will continue to build or be amplified until dl the
cars on the track have come to a stop -- if there is no way to pass cars.

These lag build-ups do not seem to be problems in our home-hegting system
because we do not ordinarily require of that system agreat dedl of adaptability and our
toleration for temperature difference is consderably greater than our toleration for spetia
differences in rush-hour traffic. Besides, as an engineer might point out, there are other
methods of control. We need not redtrict ourselves to asingle clumsy thermostat and an
on/off switch on the furnace. For example, we can introduce proportional control into the
system. A proportiond control rather than smply turning on and off the furnace might
adjust avave to correspond to the difference between the desired temperature and the
measured temperature. Provided that there are no externa changes, such a proportiona
control will approach the desired temperature asymptoticaly, and while it never reaches the
desired temperature it will dso never overshoot that temperature and should not oscillate.

If, however, there are no externd inputs thereisllittle or no need for a control system to
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begin with. Unfortunately, if there is an externd stimulus on the sysem when the
proportiona control system isvery near the desired temperature, like aburst of heat from
the cook stove, the temperature will be bumped up past the set vaue and the proportional
control will then be offset. The offset, if sustained or large, will destiroy system stability so
the offset itsdlf must be corrected. When it is corrected it generdly leadsto offset in the

other direction, and, again, sustained and troublesome oscillations are likely to occur.

There are other methods of control such asintegra or derivative controls. But, in
generd, any single method of control suffers from the trade offs between the need to
maintain steedy state, the need to react to rapid changing circumstances, and the need to
avoid ungtable and possibly catastrophic oscillations. Therefore, to improve overal control
and adaptability it is necessary to combine various control mechanismswithin asngle
system. And thisis exactly what hgppensin biological control systems.

In generd, in biologica systems, asin mechanicad systems, control is achieved
when sgnds from severd different measuring devices converge on the misdignment of the
controlled value. Theindividual control feed-back mechanisms act to counter each other.
In the case of glucose regulation we spoke of agonists and antagonists. In the language of
mechanica control theory, we say that system stability is maintained by damping.

(d) Damping

What is damping?

Theided spring of Hook's law would continue to oscillate a a congtant amplitude in
africtionless and gravity-less syslem. In such an environment steedy-state ranges could
never be gpproached after amassive pull on the spring. In the real world oscillations do
tend to die down even in systems in which gravity has been neutralized, because there is
aways friction to damp the action of the spring. Friction keeps springs from the perfect
performance postulated by Hook's law. Friction increases as the velocity of the spring
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increases. Friction in thismodel is a damping force -- aforce which works to counter the
origina effect of the force on the spring and works in opposition to that force. A damping
forceis aforce which operates counter to the origina control mechanism and whichis
generdly activated by the change, or rate of change, in the controlled vaue rather than by
the origind control mechaniam. In most mechanica systems, particularly in non-control
systems, agreat ded of effort is devoted to overcoming the effects of friction and thus
increading efficiency.

Friction is one example of a damping force which comesto mind, but friction is by
no means the only kind of damping available to the engineer of control sysems. The
damping of one set of oscillations may be achieved by combinations of other forces,
oscillating or otherwise, in the same way that the oscillations in the furnace system are
controlled or damped by oscillationsin the air conditioning systems, the system of heet and
light senstive windows and window blinds.

Seen through the lens of the dassicd smplicities of Newtonian mechanics, friction
isjust "noise’ that interferes with the experiment and creetes i nefficiencies in machines
Seen through the lens of control system theory, both biologica and mechanicd, friction
and other damping systems are absolutely necessary to prevent biologica and mechanicd
systems from massive indahilities. Noiseis hecessary to control. In fact in control theory
we do not measure the sability of a control system directly. We measure Sability in terms
of theratio of the damping forces to the control forces. In systems which tend to be
internally chaotic where error builds on itsdlf very rapidly, damping is probably the only
means of control. Even in smple linear systems, however, stability tendsto be
proportiond to the amount of damping and inversely proportiond to the square root of the
gain of the sygem times inertiaand/or lag. In our smple spring system if weimagine a
meass attached to one end of the spring, the formulafor the damping ratio is:

R

dampingCoefficient =z = 7
2(KM )72
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Where R= friction (damping), K= the gain or stiffness of the oring, and M= mass. In
generd, the equations for sability in terms of damping retio are: Damping Coefficient

.>1 over-damped

. =1 criticaly damped

0< . <1 under-damped

.<0 ungable

If there is no opposition to a control system it will tend to oscillate widdly. If the
lag builds, or if another system enhances rather than damps the lagsin the origind control
system, then the damping ratio will go negetive and the amplitude of the error will go to
infinity or to the physical limits of the sysem. In each ingtance, red oppostion -- stasis --
is the key to the return to and maintenance of system baance. Thetask of the engineer is
not to micro-manage or diminate oscillations. It isimpossible to do either in an adaptive
system. The task of the engineer isto build into the design countering or dampening
systems which will, under most circumstances, result in acceptable oscillations.  In other
words, the engineer’ stask is to design the mechanisms or rules by which the adaptive
system isto function rather than to actudly design the functioning of the system.

Ingtability is a congtant threet and indtability can befad. For examplein nearly dl
servo systems the phase lag of the output with respect to the red deviation from the desired
control setting becomes progressively more negative as the frequency of the motion
increases® Suppose that at some particular frequency thelag is exactly 1/2 cycle. Then
the measured quantity of deviation from the desired Steady date is dways exactly the
reverse of thered deviaion. The control system will respond not to the redl deviation but
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to the measured deviation. Therefore, in activating the control mechanism it adds error
rather than reduces the deviation from the desired control point. The lag causes the
controller to get a message precisely the opposite of the message necessary to maintain
gability and control. This fegture of feed-back systemsis put to good use in amplifierson
dereo systems. Imagine amicrophone and an amplifier. The microphone spesks to the
amplifier which sends the sound back to the microphone and the microphone doubles it on
each pass-through until the physica limits have been reached much the same way that the
traffic on the highway came to astop and dl control islogt. In control systems, unlikein
amplifiers, such error amplification may destroy the sysem. For example, one method of
defeating a guided missle sysem isto dter the sgnd from the target more rapidly than the
missile guidance system can adjust in order to cause the missile to oscillate until it is

driven totaly off course. Similarly, theinjection of consderable amounts of insulin into

the systern may result in diabetic coma because the severe and sudden drop in
serum-glucose may trigger an equaly severe response in the opposite direction. To
determine the correct dosage of insulin, particularly in newly diagnosed cases of diabetics,
isadelicate process. The doctor, without constant monitoring on the part of the patient, is
generdly unable to determine the correct dosage. Thereis no certain formula-- merely
trid and error which over the life of the digbetic must be closdy monitored. Even then
dangerous oscillations will occur. Thisisnot adisease whichiscured. Itisadiseasein
which the dangerous effects are moderated.

Inbiologicd systemsit isessentia that oscillations not be alowed to continue
ungtable. And 0, each and every control mechanism must be adequately damped. Thus
when the "big guns' are brought out -- for example adrendin is pumped into the system and
glucose levels shoot up -- another control system, independently operated, releases insulin
to bring the glucose back into storage. And, smultaneoudy, less powerful more steady
mechanisms are at work to regulate blood sugar. Control is, and must be, achieved then by
anumber of systems working sometimes at odds and sometimes together to respond to
gimuli and to maintain steady state homeostasis.

[10/22/02; E:\MyFiles\PLATO\sss2.wpd: Page 39]



In biologica systems the ahility to stay within narrowly defined ranges, or return to
such ranges, after extraordinary departuresis critical to life. Imagine what the problems of
maintai ning temperature control of your house would be if the furnace was programmed to
suddenly produce hundreds of thousands of BTU within amoment or two whenever certain
radio waves reach the house. And then, amoment or two later it was essentid to cool the
house to avoid a conflagration. Then, turning off the furnace, in and of itsdlf, would be
neither fast enough nor powerful enough to control temperature.

(e) Control IsaMatter of Minimizing the Effects of Error and Not Simply of
Preventing Error

In acontrol system error cannot be eiminated, athough its adverse effects can be
limited. Think of biologica control in terms of the woman on the tight rope. She baances
hersdf by oscillating on therope. Thetrick isnot to diminate oscillations -- that is
technically impossible and may not be desirable. With growing knowledge, it is clear that
dable oscillations, like the diurnd cycle, are part of our control mechanisms. Thetrick is
to limit oscillations in such away that they do not cause the woman to loose her balance. If
there isagust of wind or someone drikes the wire suddenly, the skilled tight rope walker
will sway firg to one side and then to the other. Unless she is thrown immediatdy, sheis
just aslikely to fal in the opposite direction to the imposed force because, to begin with,
her oscillations will become wider and wider as she seeks to regain her bdance. Control is
not amatter of diminating oscillations by fiat -- rationa or otherwise. That isnot
possble. Control isameatter of reducing the amplitude of oscillations to easly
manageable proportions.

In summary, some oscillation or hunting occurs whenever thereis control action
because of the necessary lag in effecting control. There are any number of waysin which
the origina oscillations can be minimized but each is a some expense to the adaptability of

the control mechanism. By and large, oscillations are controlled by the tightrope walker
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exerting just the right amount of force to counter the oscillations -- in the language of
control theory, she may be said to be hunting for the Steady state range. We seeasimilar
mechanism a work as we watch a bicyclist loose balance or an automobile skid.

In biological regulation the system is generaly damped or controlled by bypassing
or blockading the origina control action rather than smply by reversing it. If we return to
the example of the highway during rush hour, it becomes clear why thisisthe case. If there
is an accident ahead on the one-lane freeway, it isvirtualy impossible for an ambulance to
reach that accident coming from behind. We don't build one lane limited access freeways
because build-up and stoppage would be endemic to the system. Introducing a second lane
on the highway, even if it is only a passing lane, more than doubles the traffic thet the
highway will bear. Freeways are multi-laned, there are emergency lanes, hospita
helicopters, and, when possible, intersecting roads for emergency vehicles. There are, in
other words, dternative methods of access or impacting which do not depend on that one
lane of traffic in which the accident occurs. These dternative access systemns would not be
necessary, if one could predict with assurance the constant speed of each automobile on the
road, and if one could be assured that there would be no accidents, dippery roads, sun
blinding, excess winds, or any of the other disruptive influences that rush hours are
generdly heirto.  Again, thereis no need for control mechanisms when thereis no
deviation from the controlled vaue caused by internd or externd changes, or when that
deviation is entirdy predictable. It is not the perfectly regular flow of traffic which
requires the dternative systems, but the need of the traffic to accommodate itself to
irregularities. What is regular in such systems during rush hour isthat there will be
irregularities. One can predict that. What one cannot predict is precisaly what and where
and when those irregularities will occur. That iswhy the emergency systems and the other
drivers respond not as Newtonian hilliard balls but as parts of feed-back systemsin their

own right.
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Smilarly, the body does not increase blood sugar Smply by withdrawing insulin --
that in itsalf would be far too dow to respond to any genuine emergency. Thereasons are
clear. Fird, inthe case of biological feed-back systems, the sgnd is chemicad, and
therefore it cannot smply be withdrawn. It must be destroyed or sdf-destruct when it has
served its purpose, or the result would be chaotic. Second, and thisistrue of any signal --
electronic, mechanical, or biologicd -- the more distant from its source the weaker and
dower the signd, and therefore intercepting one set of sgnas with another set of Sgnasis
generdly more efficient than initiating change from the origind source. Third, as we have
seen, the biological signd, or indeed any feed-back signd, initiates aresponse which is
adwaystoo late. That is, the correction must dways lag behind the Situation it is meant to
correct. Again, thisistrue whether the sgnd is operating in a homeodtatic hormona
system or as part of muscular control mechanisms. It istrue for mechanica and eectronic
aswel ashiologicd feed-back systems. It will dso be true for socid adaptive systems
where intdligence or the exercise of reason is one of the means by which the system
adapts. Dueto delays, the corrections will tend to overshoot, both on the high and low side,
and the resulting error or oscillation, unless countered, may in itsalf be unacceptable for
the purposes of maintaining biologica baance and may even tend to multiply on each
completion of afeed-back loop rendering the system ungtable. While insulin will remain in
circulation, the body also releases and increases the amount of insulin blockers and other
hormonesin operation which will work to release glucose even asinsulin production is
hated and the insulin levels are dlowed to drop. In generd, one of the mgor digtinctions
between juvenile-onset diabetes and the so-called adult-onset diabetes isthat in the former
casethereisadeficiency in insulin, while in adult onset cases there may be only a
deficiency in the effectiveness of theinsulin not in the amount of insulin production or
circulation. Generdly juvenile-onsat diabetes is treated with insulin, while only about one
quarter of the adult onsat diabetics are given supplementd insulin.
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An examination of the hormond systems shows how they are structured to minimize
the effect of oscillation. Releasing ahormone into the blood is a rdatively dow method of
trangmitting asignd, but direct neurotransmission of many types of sgnasto dl of the
remotely Stuated cells of the body would require a network of neura connections of such
enormous Sze and complexity asto beinfeasble. In contrast to the neurd transmissons,
al the cdlls of the body are exposed to the same concentrations of hormones. But the
amount of hormone in the blood may be very smdl -- in the order of afew parts per billion.
The hormone acts both as a control sgnd and, at least in part, as the mechanism for
effecting the desired change. To be effective, therefore, the hormona message must be
received by the target cells. The receptor cell must be able to recognize and bind the
hormoneto it and to virtudly ignore other hormones with contrary sgnds.

In order to effect sudden biologica change, hormone effectiveness must be able to
rise and fal very rgpidly in response to either internd or externa stimuli -- much faster
than hormone levels in the blood can possibly change. Therefore, the magnitude and the
speed of biological effect will depend not only, indeed not even primarily, on the leve of
the hormone in the blood, but on the target cdlls responsiveness to the hormone. That is, it
will depend on the hormone's effectivenessin reaching the target cdls, and effecting or
initiating the chemica changesin those cdlls. Every target cdll has receptors which are
matched to particular biochemical keys on the hormones like alanding pad on a space
dation is matched to a configuration on the landing craft, or atelephoneis matched to a
particular number. The call cannot come through if the lineisbusy. Blocking — one might
say blockading — ahormone at the receptors cdlsis a primarily method of countering
hormonal effectiveness.

Again, the biologica terminology isilluminating. The hormoneisreferred to asthe
agonist. Once ahormone is bound to atarget cdl its ahility to dicit the biologicd
response is measured.  The measure of its effectivenessis referred to asits "intringc
activity." We arbitrarily assgn 100% to the intringc activity of the native hormonein
gtuations whereit is not countered. The agonists with intringc activity lessthan 100% is

[10/22/02; E:\MyFiles\PLATO\sss2.wpd: Page 43]



referred to as a partial agonist and those with greater are superagonists. Substances that
bind but do not activate, thus precluding hormones from binding, are caled "antagonigts'.

Clearly then, if our purposeisto quickly negate the effect of insulin, the inhibition
of insulin production would not be sufficient. Firgt, because theinsulin dreedy in the
blood would remain active; and second because the level of effectiveness of the insulin
depends not so much on its concentration in the blood as on the liver cdlls receptivity to
theinaulin.

Thus, anumber of mechanisms operate Smultaneoudy, but independently, to reduce
the effect of insulin. For example there are chemicdss blocking the insulin receptors and
thus preventing the delivery of the insulin, smultaneoudy there will be other hormones
working on other cdllsto effect the release of glucose from the liver and from stored fats,
and, if necessary, from proteins. While the body uses any number of methods for control
of the hormond system, it is clear that the introduction of antagonigts a the target cell
receptors, or the release of other hormones with opposing effectsis easily as efficient, if
not more o, than the inhibition of the production of the originad hormone.

Theintroduction of antagonists generally comes by means of other hormond
feed-back circuits operating counter to, and independently of, the origind hormone. The
antagonist may be an agonigt in itsown right. The effect of these antagonistic hormones
may aso lead to ostillations, but the oscillations of the antagonist will tend to counter the
oscillations of the agonist and tend to reduce or damp the amplitude and duration of the
totd oscillation in the controlled quantity. Again, like friction acting to damp the
hypothetical spring, these antagonigtic actions may be proportiond to the force but, in
generd, they do not respond directly to the force imposed on the system, but to its effect

on the controlled value.

Similar oppostiond systems are involved in non-hormona systems of control --
neurd and muscular. In the tranamission of nerve sgnds two chemicas are Smultaneoudy

released, acetylcholine and cholinesterase, the first as agonist the second to counter and to
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destroy the agonist. And the Sherrington push-pull explanation of biologica control was

not designed to account for hormonal activity but to explain controlled muscle movement.
Virtudly every movement of the skeletal muscles involves at least two muscles -- one of
which contracts and one of which relaxes. And, as| have said, even such aroutine muscular
activity as maintaining body posture, involves thousands of sensor-initiated adjustments and
counter adjustment per minute. Findly, control by means agonists and antagonigtic forces
isnot restricted to the individua organism. It exigs at the cell level and at the leve of
population and ecosystem. Eugene P. Odum'’s Fundamental s of Ecology beginswith an
andyss of afeed-back loop. These mechanisms are quite clear in the regulatory
relationship of predator and prey in biologica ecosystems. According to ecological lore,

in the 1920s the Arizona Kaibab deer herd was rendered virtudly extinct when a bounty was
offered on coyote. The thinning of the coyote herd allowed the deer population to grow

too quickly for the food supply, and the result was starvation and arapid decline in the deer
population. The coyote are a dampening force to the growth of the deer population. While
aPlatonist might say that the coyote and the deer cooperate to regulate the deer population,
adeer which happens to attract a coyote's appetitive -- if ecologically praiseworthy --
attention, is not likely to view the process in quite so enlightened away.

Nor does the mathematics of control systems become more or less complex aswe
pass from discussions of cellsto discussons of ecosystems. It is atheorem of control
system theory that complexity is not afunction of the inclusvenessleve of organization.

To predict photosynthesisin asingle lesf with numerica precison isno more or less
complex than to predict, with the same leve of precision, photosynthesis for the forest asa

whole.
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(f) The Extent to Which Intelligence Can Improve Control

In summary, dthough biologica control systems are profoundly more complex than
the smple linear systems we have been discussng, the mathematics of control systemsis
entirely generd. A review of the equations (even assuming the input and output are related
linearly which they rardly are) iswell beyond the scope of thiswork, but it can be shown
that in systems which depend on feed-back, there will necessarily be two kinds of error --
seady date error and oscillations or hunting.  Furthermore, the fine tuning of the system
to reduce steady-state error will tend to increase the amplitude of the oscillations and these
oscillations, if undamped, will become more severe rendering the biologica system
non-functiond. If the systems are not linear, there is the possibility of further
irregularities arising from internally generated turbulence or chaos and, in order to
maintain biologica balance, these too must be damped.

A control mechanism, no matter how brilliantly devised, must be coupled with other
control mechanisms acting independently and often in opposition to each other. Without
control mechanisms in opposition, control in afeed back system subject to internd and
externa changes would not be possible. If insulin were the only control of glucose, the
body would oscillate wildly between insulin coma and insulin shock -- as may happen when
inaulin isintroduced externdly and not as aresult of interna homeostatic mechaniams.

The introduction of antagonists or dampening counter forces is characterigtic of any
system which involves controlled reaction to stimuli and in any such system -- mechanicd,
electronic, biologica -- opposing forces are needed to insure control. The mechanic
designing amechanica feed-back system, or the eectronic engineer designing an
electronic sysem must design such dampening forces into the system. It is clear,
therefore, that the introduction of counter-forces and checks and balancesin the biological
system isnot accidental. 1t isadirect and necessary result of the two conditions of aliving
system -- gtability and adaptability. It followsthat in o far asapaliticd system is
andogousto aliving control system -- that is, in so far asit is cgpable of stability and
adaptability, it too will depend on force and counter force, checks and balances.
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Oppositiona control -- in aword stasis -- is the sine qua non of gability in
feed-back systems. No planner, or engineer, or socia planner, or philosopher king, no
matter how knowledgeable or powerful, could build a stable adaptable system without
dlowing for the free interplay of force and counter-force— of stasis. Whilea
knowledgeable engineer may be able to predict the range of simuli and Situations requiring
responses, no engineer can predict the moment-to-moment occurrence of simuli. If he

could, it would not, by definition, be a control system.

Reason

Intelligence and reason in the sense of conscious calculaion of ends and the means
to achieve those ends, serves as aform of control in human adaptive systems. Indeed, as
Peter Godfrey-Smith and others have clamed cognition itsdf isa"highly developed
homeostatic device®! Viewed from this perspective, the primary function of cognition, in
any form, isto enable the agent to ded with its environment. Our ability to learn and to
reason is an extraordinarily powerful tool for surviva, conscious intelligent or rationd
control isrelaively dow, rdatively clumsy, and, like other very powerful adaptive
mechanisms, conscious reasoning may be error-prone in comparison to that multiplicity of
systems and counter-systems which govern even the smplest of biologica and human
systems either automaticaly or habitudly. If, in order to maintain the balance on our tight
rope, every message must be transmitted to the cerebrd cortex, processed intelligently, and
reflected on, we would begin to oscillate widely and we would fal. Instead, biologica
bdance islargely maintained by avery large number of very smdl automatic adjustments
and counter-adjustments. Intelligence is often too dow. Asan adaptive toal, it has proven
most successful in inventing tools and bringing about technologicd change. 1t has not
proven particularly successful in biologica regulation. Inabiologica crisis a person with

"gplit second ingtincts' has a better chance of surviva than does a mere philosopher.
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As a species we can afford duggish regulatory decision making only for conscious
mentd decisions, and then we can afford delays at least in part because we are able to rely
on automatic and complex controls to maintain the balance of the sysem asawhole.

Moreover, the exercise of intdligence isitsef more complex than the smple
notion of caculation might suggest. We do not smply dimb out of the cave of ignorance
and seethetruth. Intelligence does not function in monigticaly straightforward ways --
even within the mind of asingle individud. We can think of our various modes of
knowledge or science as themsdlves being singly and collectively adaptive sysems. As
pragmatists like Quine have argued, a human beings knowledge should itsalf be thought of
as an adaptive system -- dthough a rdatively dow adaptive system. As an adaptive system,
our system of knowledge, like our maintenance of blood glucose levels, is
underdetermined by externa phenomena. It must square with externd redlity in places, but
not in al places. Like any adaptive system it srivesto maintain an internd equilibrium
even in the face of externa chdlenges. It isahomeodatic system. From our discussion of
homeodtatic systems, we can infer that a successful knowledge system must be capable of
quickly adapting and assmilating shocks to the system, but it must dso do so without itsalf
going into shock. Since we reason in terms of these knowledge systems, reason is not
samply ablack box into which we feed in-puts and out of which we are served a definitive
out-put as some rationdists and early proponents of artificid intelligence would have us
believe. In so far as conscious rationd contral isitself dependent on feed-back data, asit
generdly is, there will be steady-dtate error and oscillations in our reasoning. Thisistrue
of knowledge at theindividua level and of knowledge in the polisasawhaole. If a
unihormonal feed-back circuit is unable to maintain glucose within narrow tolerances and
without catastrophic oscillations, then a central planner, no matter how intelligent, or
rationd, or knowledgeable is unlikdly to perform satisfactorily in controlling most
functions of the body poalitic. Instead, it is more truly rationd to suppose that socid and
economic baance, like biologica baance, is best maintained by avery large number of
very small unconscious adjustments and counter-adjustments. 1t will be better maintained
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inasocid sysem with rdatively many decison-makers or decison-making sub-systems
than in a system with only asingle decision-making entity no matter how benevolent and
intelligent the decison-maker is.

Theimplications of this interpretation of bodily hedlth for the analogy between the
hedlth of the body and the health of the State are the subject of another chapter, but it should
now be clear that, even were we to accept that the hedlth of society is analogous to the
hedlth of the body, we would not arrive at Plato's design of the hedlthy society. Therefore,
even if we accept the anaogy, we would be forced to rgect Plato's conclusions.

If political hedlth is matter of stasis -- checks and balances, forces and
counter-forces, coupled oscillations, -- then any Platonicaly planned economic or political
system, no matter how rationa and how intelligently formulated, isbound to fail. A hedthy
society would then be one in which the control and balance criticd to surviva would be
maintained by means of largely automatic and complex systems of force, counter force, of
coupled and competing hierarchies, of checks and baances. Such asocid system mugt, if
it isworking correctly, have the ahility to rapidly adapt to extreme Situations like war or
crop fallure. Asin the case of biological regulation of blood sugar, however, any severe
damage to the underlying autometic homeodtatic mechanisms might have indirect but
nevertheless catagtrophic implications for the surviva of the political body. At least in this
one sense, asocia philosophy based on the biologica analogy would argue againgt sudden
revolutionary societal changes -- including those designed to accomplish tota
"rationdization” of the sysem.

In the first chapter, | argued that such arationdizing of the polisinto asingle
consstent system would deny us many of our most cherished vaues, our right to choose
the good, and so our humanity. Here | have argued that such a Platonicaly rationd system
would necessarily fail even as amethod of regulation for a community of robots.

To the extent that the Sate is indeed the body writ large, the state will not be Plato's
monigtic Kdlipolis
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Although perhaps not a community of aomidtic individuas, ahedthy polis onthis
andogy would be liberd in that it would tend to support the idedls of ardetively open
society rather than areatively closed society, ardatively plurdist society in which
individua human beings and human organizations would be free to work largely
independently pursuing their own visions of the good, areatively free market with more
decison makers rather than the planned economy with a single philosopher king no metter
how knowledgesble. 1t would, at the same time, be a somewhat conservative society. The
men and women of such a polis would recognize the importance of maintaining the largdy
invisble homeogatic mechanisms of society. Reform is possible but in order for their to
be successful reform the underlying homeostatic mechanisms must be protected from
rgpid and revolutionary change.  Homeostatic mechanisms are complex and evolve dowly
over time. They are rdaively smple to destroy, and very difficult to create.

Our guides to such a society would not be Plato, Rousseau, Marx, or even Hobbes.
They are more likely to be Adam Smith, Edmund Burke, and James Madison. And our
model for political didogue would not be The Republic. A far better model for political
diaogue would be that debate of ideas and interests that resulted in the drafting and the
ratification of the Condtitution of the United States and the Bill of Rights.
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1.See John Wild, Plato's Modern Enemies and the Theory of Natural Law.
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of many individuas, seemed to have redized the limitations of such an andogy. Conceptualy, Hobbes
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date asthe state.” Plato himsalf does not use "stasis’ when discussng dassin The Republic.
Technicaly, for Plato there are no classes in the Republic -- only "kinds' of people.

9.Karl Popper, The Open Society and Its Enemies, p. 173.
10.Asquoted in E. F. Adolph, "Early concepts of physiological regulations,” p. 739.

11.Plato uses "eunomia” throughout The Republic. It is noteworthy, however, that he uses'isonomia”
aterm grongly associated with Athenian democracy only in a quas-humorous discussion of the
community of wives.

12.Eugene P. Odum, Fundamentals of Ecology, p. 5.
13.0dum, p. 6.
14.Wadlter B. Cannon, The Wisdom of The Body.

15.Richard W. Jones, Principles of Biological Regulation, An Introduction to Feedback Systems,
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17. Charles Richet French Dictionary of Physiology 1900 as quoted in Cannon, The Wisdom of The
Body, p. 21.

18. R. B. Brathwaite, Scientific Explanation, Chapter 10, and Earnest Nagel, The Structure of
Science, Chapter 12.

19. In thisdiscussion of glucose metabolism in addition to Cannon, | rely on materia from:

Roger H. Unger, "Concepts of Glucoregulation: From 1878 through 1978." Claude Bernard and the
Internal Environment: A Memorial Symposium (1978); Williams Textbook of Endocrinology
(1985); and Mayer B. Davidson, Diabetes Méllitus: Diagnosis and Treatment (1991).

20.The most common damage is in the cregtion of abnormditiesin wals of both the large and the smdl
vesss of the vascular system. These changesin the large vessals may cause cerebral vascular
accidents and myocardid infarctions. Diabetics are very much more & risk in these categories.
Changesin the small vessdls are associated with damage to the retina and the kidneys. Since the
introduction of insulin thergpy in 1922 most diabetics do not die as aresult of diabetic coma, but asa
result of vascular complications which do not develop until many years after the onset of diabetes
mellitus. (Davidson, p. 18)

21.Unger, p. 54.

22. In generd, the sympathetic and vagus nerves each operate autonomicaly without direction of the
cerebra cortex in regulaing the smooth muscle and glands of the viscera. Each of the glands and
organs of the viscera are supplied by nerves from at least two sources, and, as arule, these two
sources are opposed in their effects. For example, the vagus dows the heart and the sympathetic
accelerates the heart; the vagus decreases glucose concentration in the blood and the sympathetic
increases glucose levels. Oppogtion isintrinsic to the bodly.

23. Richard Jones, Principles of Biological Regulation, p. 270-271.

24. Richard Jones, Principles of Biological Regulation, p. 285. Thisdiscusson of organization in
terms of relaively independent hierarchiesis reminiscent of Michael Wazer's Soheres of Justice.

25. In the discussion which follows | am largely indebted to Bayliss, Jones, and Grodin for the
discussion of hiologica control theory and to Farringham for the discussion of control systems
mathematicsin generd.

26. Chaotic functions may till be approximated step wise by linear functions, but the caculations
necessary to do so, might take our fastest computer millions of yearsto complete.

27. Bayliss, Living Control Systems, p. 34.
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28. Weimagine that such collisons do not occur in the case of railroad operations which are

centrally controlled, but the reason they do not occur isthat the railroad is designed never to encounter
rgpidly changing externa Stuations. By design the railroad is not a very adaptive sysem. Thus, when
and if the Sgndsfail on arailroad or unanticipated events occur on the track, thereisamost no
possibility for the engineer to avoid disagter.

29. Again, advancesin this theory were to some extent a by-product of advancesin engineering. The
problems associated with the build-up of delaysin a queue began to be studied serioudy only when
actud traffic flows on the firgt restricted-access highways proved to be much less than projected flows
had been.

30. Bayliss, Living Control Systems p. 61.

31. Peter Godfrey-Smith, Complexity and the Function of Mind in Nature, p. 76.
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