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REFLECTIONS ON ERNEST NAGEL'S 1977 DEWFEY
LECTURES TELEOLOGY REVISITED

tis now over 60 years since T took my first graduate course in

philosophy at Columbia University in January of 1947, The

course was a seminar by Ernest Nagel on the philosophy of logic
of Bradley and Dewcey, and by the end of the second mceeting 1 was
enthralled by Eynest's paticnt style and careful criticisms of their
Jogical views, It is still easy for me to visualize Emest as he walked
back and forth in the seminar room complimenting, on the one
hand, the philosopher being studied, but always ending, on the
other hand, on a clear statement of something that was wrong in
the text being examined. As T have been reading, in preparation
for writing tiis article, what he wrote about biology, mostly after
I left Colwmbia in 1950 0 come to Stanford, the cadence of the
written words and the style of argument remind me very much of those
first days of listening to him in 1947, Yet in the years | was at Columbia,
Ernest did not give a single setninar or course on the philosophy of
biology, nor did anyone else at Columbia that I can remember.,

[t is certainly different now. There are more biologists at Stanford
than any other kind of scientist, by a wide margin, Courses in biology
are now given everywhere and for every kind of purpose. Stanford,
Tor example, now has a separate major in human biology. And most
philosophy departments now feel obligated to give at least one
course in the philosophy of biology. Not surprisingly, Ernest, with
his wide scientific tnterests, began earlier than most philosophers
o think about biology.

Nagel’s first article 1 know about that has an interesting bearing
on biology is a very uscful one on naturalism and materialism.” From
the style of the arguments, I would judge that the article was mainly
written by Nagel, the youngest of the three authors. After this there
are two important articles just by Nagel himselt.” Then there is a
break until 1961 with the publication of his magisterial book.” Several

'John Dewey, Sidney Hook, and Ernest Nagel, "Ave Naturalists Matcrialists?” this
JOURNAL, X141, 1Y (Sep. 13, 1945): 515-31),

" Nagel,*Mechanistic Explanation and Organismic Biology,” Philosophy and Phenome-
nolagical Research, 1, 3 (March 1951); 327-38: Nagel, "Wholes, Sumns, and OQrganic
Unities,” Philosophical Studes, 11, 2 (February 1962): 17-52. )

*Nagel, The Structure of Scrence: Problems in the Logic nf Scientific Explanation (New York:
Hiavconrr, Brace and Waorld, 1961).
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parts of it deal with biology, and 1 shall return to discuss them
later, After another break, he published two long articles containing
his Johin Dewey Lectures at Columbia in March of 1977, together
titled. Teleology Revisited, which appeared almost immediately in this
Jo1RNAL," and were later reprinted in a volume of essays.”

[n the rest of this article, [ will devote most of the time o analyz-
ing the parts of the 1961 book Fhe Structure of Science devoled 1o
biology, and the 1977 John Dewey 1ectures on teleology. The Strue-
toe of Seience is densely argued [rom chapter to chapter as it sutveys
the natwral and social sciences. Chapter 12 is entirely devoted to
biology. Its muin focus concerns the long controversy about teleo-
logical explanations. It was my original intent to survey rather care-
fully everything Nagel has written on the philosophy of biology, but
the move I re-read his published work of half a century ago, I came
to see that there were 100 many different topics to discuss them all
with any thoroughness. Moreover, it scems to me that his analysis in
the book of teleological explanations, and his return to this topic in
his 1977 Dewey Lectures, represented his most serious and engaged
work in the philosophy of biology. Al the same time, the tangled
ism.ms he examined with cace rewain important.

. I have organized this article into Hive sections. The first wo
(k(nl w11]1 teleotogical explanations, first, in the 1961 book, and
second, in the first Dewey Lecture. The tfurd section, represeniing
the second half of chapter 12, focuses on the stance of organismic
hiologists toward mechanistic explanations. The fourth seclion exam-
ines Nagel's extended analysis in the second Dewey Lecture on fune-
tonal explanations in biology. Finally, the fifth section consists of my
own convuents on somne of the contenmporary issucs aboul the nature
of biology s a science, related o Nagel's eritical analysis.

r

[t is not possible to give a reasonable pavaphrase ol the many bal-
anced arguments Nagel gives in chapter 12 of The Structure of Science
on the status of teleological explanations. I imention one point thay
he covers at the beginning in rather short ovder, bur that is a topic
of much greater concern curvently, This is the status ol conscions
purposes. 1 am sure this is because the status of consciousness as
such did not oceupy anything like its cwrrent prominence when he

'Nagel, “GoakDivecied Processes in Biology” and “Functional Explanations in
lhuloc,y this JOURNAL, LXXIV, b (May 1977): 261-79 and 280-301.

N.«\g(l Teleology Recisited and Other Essays in the Philosophy and Histiny of Scienc
(New York: Colimbia, 1979,
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was writing. He daes emphasize that the conscious aspect of purpose,
S0 to speak, is not relevant to his focus on teleological explanations,

Fle does give much more attention to the claim often made in the
past, and still by some, that teleological explanations are an essential
part of biology, as a special subject matcer for them. He has a number
of argumeaents againgt this position, among them that we can, coy-
rectly, use extreinal principles 1o formulate classical mechanics in
telcological Tunguage. Another closely rcelated once is the scarch for
stability results in mechanics, which resembles argnments concerning
the important goal of persistence in biology. '

A related point, b from a different angle, is the claim that the
spectal character of biology is that it studies organic systems, which
are fundamentally goul-directed. Nagel responded to this claim by
asking, first, can we, in fact, identily the particulav stvuctures of
goal-directed systems in @ neutral way? And, sccond, does the curvent
focus of biology constitute in itself strong evidence for this claim? |
cannot resist quoting the last part of his response to these questions,

Moreover, some systems have been classified as “teleological” at one
time and i relation to one body of knowledge, only 1o be re-classified
as “nonteleological” at a later time, as knowledge concerning the physics
of mechanisns improved. “Natore doces nothiug in vain” was a mnaxim
commonly accepted in pre-Newtonian 1‘)?1);;‘sit_ts, and on the hasis of the
doctrine of “natural places” even the descent of bodies and the ascent
ol smoke were regarded as goal-directed. Accordingly, it 1s at least an
open question whether the current distinction between systems 1huat
are godkdirected and those thal are not invariably has an identiliable
objective basis (i.e., in tenms of differences between the actual organiza-
tions ol such systems), and whether the same system may not ofien be
classificed in alfernative ways depending on the perspective tiom which
itis viewed and on the antecedent assumptions adopted tor analyzing
fts souctire .’

Later, Tacd to this passage some engineering examples of my own,
Nagel then goes on to endorse as the most reasonable approach the
systemn approach to biology, exemplified, at the time he was writing,
by G. Som merhofl)” and the work of Norbert Wiener and c()llc:agucs.“

To rthe exposition and defense of this system view, Nagel gives an
cspectally careful presentation, becanse he endorses i, more than

"Nagel, Fha Stracture of Seience, p. 419,

G Sovnerhofl, Analytical Biology (Loudon, UK: Oxtord, 1950).

“Arwro Rosenblueth, Notbert Wiencr, and Julian Bigelow, “Behavior, Purpose aud
Teleology,” Philosaphy of Sciente, X, 1 (January 1943): 1B-24; Wiener, Gybernetics: Conirol
and Commanication. in the Animed and the Maching (New York: Wiley, 1918).
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any other, in its cffective way of generalizing the argument away
from purely biological subject matter to other scientific structures,
physical as well as biological, where, here, “physical” means iu the
sensc of physics. His defense was strengthened by the simultancous
appearance of a number of important works on this topic. The sig-
nificamt detailed points that he makes are too numerous to enu-
mevate here, so 1 end by quoting his summarizing final paragraph.

It follows from these various considerations that the distinction between
structure and function covers nothing that distinguishes biology from
the physical scionces, or that necessitates the use i biology of a distine-
tive logic of explanation, It has not been the aim of the present discus-
sion to deny the patent differences between biology and other natural
sciences with respect to the role played by functional analyses. Nor bas

it been its aim to cast doubt on the legitimacy of such explanations in

any domain i which they are appropriate because of the special char-

acter of the systems investigated. The objective of the discassion has

been to show only that the prevalence ol teleological explanations in

hiology does not constitute a pattern of explanation incomparably dif-

ferent from those cuvrent o the physical sciences, and that the use of

such explanations in biology is not a suflicient reason for maintaining

that this discipline requires a radically distinctive logic of inquiry.”

131

I now pick np his analysis of telcological explanations sixteen years
later. In direct veterence to carlier work, Nagel says at the heginning
ol the first Dewey Lectire the following: “The recent lierature
sometimes breaks fresh gronnd; bat much of it consisis of wodified
(and sometimes much improved) versions of well-known views, pre-
sentations of difficulties i older analyses, or challenges (o basic
assumptions underlying customary approaches. My discussion will,
it consequence, inevitably revisit much familiar territory, though
with some different objectives than on previous journeys.”™ He then
proceeds to imtroduce the analysis of several different views of telc-
ology he did not cover in the book, most of these heing generated
by publications that appeared later.

The first new view he cousiders is the intentional onc, which
cmphasizes human purposes and goals as primary. Following this
idea, Nagel refers in schematic form to the beliel-desire model,
according to which goals can be achieved by alternative methods
internally evaluated. T my view, to geveralize this intentional human

“Nugel, The Stectione of Seience, 1. 428,
" Nagel. “Goal-Divected Procusses in Biology,” p. 262,
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model, formal similarity or isomorphism to human behavior should
be found. Such investigations are [amiliar in other parts of biology,
as can be scen in the detailed anatomical studies of the structire
ol eyes in various species. On the other hand, I am skeptical of the
belief-desire model as being appropriate. It is too far from a psy-
chologically plausible model, as T have argued elsewhere.'

The sceond view considered is the one that Nagel says is derived
(rom information theory, and he labels it the program view. The dis-
cussion cxpands upon the earlier one ahout programming described
in the 1961 chapter, but is now revised as a reflection, I am surc, of
the rapid development of computer science and the widespread use
of computers berween 1961 and 1977, Perhaps his most. significant
exanple is the one made prominent by the DNA discoveries about
the progranmming of the human genome. For more detailed consid-
crations, he examines the approach of the prominent biologist. Ernst
May1."* Within teleology, Mayr introduces the distinction between
processes that are telcomatic, or in other words, automatic, as is the
vase {or many human habits, and, on the other hand, “teleonomic,”
which is close to many standard uses of the word “teleological.”

Nagel has three principal objections to Mayr’s view. The [irst is that
this concept is not nommally used in the definition of goal-directed
processes, and docs not seem essential. His second objection is that
control of a process by a program is npt sulficient for the process
(0 he judged goaldirected, Tis countevexample 1o show this is the
knece-jerk retlex, which does not have the property of persistence
required of a4 goal-dirceted process. His third objection is to Mayc's
distinction between open and closed prograras. The intuitive idea,
Nagel asserts, is clear, at least in some gencral sort of way, but it is
hard, if ot impossible, to apply the distinction in practice. (T omit
the details of this argument.) Nagel's closing point-is that in sum-
mavy, it is also hard in general to distinguish between teleomaiic
and rcleonomic processes.

Nagel then returns to the system view much discussed in the 1961
analysis, but now called the “system-property view.” IHe focuses on a
serious problem that was not discussed in (961, This is the problem

" Patrick Suppes, “Rationality, habits and freedom,” in Nicola Dimitri, Mareello
Basiti, and Ttzhak Gilboa, eds., Cognitive Proesses und Economic Berhawnowr (New York:
Routledgge, 2008), pp. 137-67; Aimee Drolet and Suppes, "The good and the bad,
the true and the Talse,” in Maria Carla Galavoui, Roberto Scazzieri, and Suppes,
cds., Nrasonmg, Rutionality, and Probability (Stantord: CSLL 2008), pp. 13-35.

S RN Mayr, "Teleological anel Telconomic: A New Analysis,” in R, 8. Cohen and
Marx Warlobsky, cds., Methadologiral and 1 listovical Fssays in the Nuvoal and Socinl Sciences
(Bostom: Reiddel, 1974), P 98,
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of having variables that are not determinantly connected by known
laws of naturc. Such independence of variables is required in the
system-property view. Nagel supports it and does not find the rela-
tivistic formulation unacceptable, hut an honcst admission of a
common state of science. Given this hypothesis of at least two
variables that are appropriately independent, Nagel judges that
such explanations of goal-divected processes in biology can have
a structure which is like that of nonteleological explanations in
the physical sciences.

Nagel concludes that the sort of explunations in terms ol pu-
posive hehavior is characteristic of biology and can be recognized
as being scientifically appropriate when tormulated in a way that
satisfics the various constraints discussed. 1 note that I have ormitted
necessarily the essential content of some of his elaborate argnments,
but [ believe my summary is faithful to his general position.

I

In the sccond hall” of chapter 12 of The Structure of Science, Nagel did
not write somcthing directly on functional explanations in biology.
What he did was to write a prelude on the standpoint ol organismic
biologists that he defends as being the proper scientific attitude
toward biology. This is the atitnde that biology neither has vitalistic
forces, in the sense of such nincteenth-century scientists as Driesch,
nor is reducible in the other direction to physics, The second hall
of chapter 12 explains the positive teatures of this viewpoint, Now
that vitalism is dead, Nagel emphasizes, at the beginning, the uni-
fying theme ainong organismic biologists is this rejection of “mecha-
nistic” explanations it the spint of phiysics. And, as he also emphasizes,
such biologists are often not. clear aboul what they are objecting to.
It is to these arguments that 1 now turn.

First, it is evident that theve are arveas of biology that do not need
or seem 1o require mechanisms in their formulations. Two examples
that are given arc the theory of cvolution and the gene theory of
heredity. Second, biological processes are not reducible to the con-
cepts and laws of physics and chemistry. Glaims about holism and
the strong dependence of the parts of biological systems are used
to support this argument. Third, biological systems are hierarchically
organized. There seems to he no comparison made here with the
hierarchical physical organization of electrons, atoms, and molecules.

I reply to these arguments, Nagel points out that it is widely
recognized that there is no real possibility of the full reduction
ot bivlogy 1o physics and chemisuy, Since such arguments against this
rednction are well knowst, many ol them cited by Nagel in footnotes,
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I will not claborate on a point that is nonetheless important. Nage)
stresses the openness of the extent to which physical and chemical
Jaws can be used to explain biological phenomena. It is taiv to say that
writing hall’ a century after the appearance ol The Structure of Science,
I ind the use of physical concepts and arguments in biology is much
greater, but any complele reduciion of biology to purcly physical
ideas reinains out of sight. Indeed, the famous remark of Dirac that,
with the discovery of quantum mechanics, chemistry has become an
applied branch of physics, represents an equally unattainable ideal
in the framework of modern chemistry, which is flourishing as much
as cver as a discipline separate from physics.

Nage! ends the chapter by saying that the mai conclusion is that
organismic binlogists have not established the absolute antonomy
ol biology as a scientific discipline, The ironic comament to be made
tlicse many years later is that something clse that would have
seemoed very surprising in 1961 is that biology is in some sensc
absorbing the other scicnces. For example, many of the doctoral
dissertations at Stanford in applied physics, clectical enginecering,
and computer science are now about some biological topic. Move-
over, the School of Engincering at Stanford has many under-
graduates, but now a large number are in the new Departinent
of Bivengineering. From a rescarch standpoint, literally thousands
ot papers are being produced cach month worldwide on biological
experiments that use increasingly sophisticated physical apparatus.
What is happening is the intimate and far-reaching commingling
of the physical and biological sciences, which suggests that in the
Iutare the relevant question will not be that of the reduction of
biology to physics and chemistry, but rather, can we achually distin-
gutsh and sepavate these disciplines in a meaningful way.

A%
In several ways the sccond John Dewey Lecture is of greater gen-
eral importance to Nagel’s philosophy of biology than the first.
In discussing this topic, 1 follow the pagination of the version pub-
lished w this JourNaL, whicly is essentially the same as what was
published two years later in (he volume already referred to. The
niial and the longest part of the article concerns Nagel's carefid
and extended survey of the variety of views on functional expla-
nation that may be found in the literature circa the 1970s or
somewhal earlier. To structure my exposition explicitly, I number
cach of thesc views in the order they are set torth in the article. To
begin with, here ave two ol Nagel's simple examples of tunctional
explanations: “fish have gills in order to obtain oxygen” and “hunin
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biood contains leucocytes [or the sake of defending the body against
invading bacieria.™"

(i) The first type of functional explanation is the neutral view,
as Nagel puts it, “teleologically nentral.” An example to illustrate this
idea is given from physics—the function of imass in the motion ol a
physical object. Nagel notes that in physics such [unctions have the
saune raole as explavations, which in physics have vo teleological
connotations. He cites as an example of such a neutral view in
biology the functional explanations given in an article by Widter
Jock and Gerd von Wahlert, who essentially equate biological func-
tions with biological roles.' It is this trearment of voles as functions
and nothing more that makes their view a neuwal one. They deline
the biological role of a faculty in an organism as “the action or usc
ol the faculty by the organism in the course of its life history,” and
I quote Nagel, who partially quotes them: “...the biological role of
the large mucus glands of gray jays is said to be the use of those
glands ‘as a glue to cement food parucles together into a food
bolius which is then stuck to the branches of trees’.”” Nagel s more
or less accepting of this kind of functional explanation, as one that
works similarly in physics, where Nature’s plan or the role of com-
plex numbers in quantuim states are ofien referred to, but i an
innocent metaphorical way. I take it the concept of vole in this
neuiral view is so being interpreted by Nagel.

(ii) His main criticisms are devoted to the widespread second
view of functional explanation in biology. This is the one that mainly
assumes that biological functional explanations are teleological, in
the sense that they are about actions directed by some agent who
has w goal in mind. Nagel focuses on the discussion of this view by
Larry Wright, who strengthens the account of selective agency to
yequire an analogy o some “conscious” function in human behavior.,"
Put another way, Wright holds that functional explanations in biology
shoild have the same pattern as do explanations of functions of
which liunans are conscious. Nagel rightly offers strong criticism of
this view, which as far as I know does not have much current atren-
ton. Among Nagcel's criticisins 1 mention his argument rhat natural
selection in cvolution is sclection by chance, as oppaosed Lo sclection

P Nagel, “Functional Usplanations in Biology,” p. 280.

IWalter | Bock and Gerd von Wahlert, “Adaptation and the Form-Canction Cons
plex,” unlution, x1X, 3-(September 19064): 269-499, at p. 274.

t Nagel, “Funclional Explanations in Biology,” p. 281

Y Lry Wright, Teleological Fxplarations: An Euologicol Analysis of Goals and Fusetons
(Berkeles: Californin U, 19765,
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by a conscious agent. Nagel points out that the attempt to make
Darwinian selection in any sense agency-oriented is a mistake, cven
though many biologists and more theologians have long yearned
to show that such an agency view is plausible.

(iii) This view gives functions 4 purcly methodological o1 heuristic
role. As Nagel remarks, it is close to Kant's complicated formulation
ol teleological principles as regulative, rather than constitutive, lor
giding biological and human inguiry, Kant, of course, had to strug-
gle 1o make these ideas consistent within the framework of universal
mechanical laws. This is why the teleological principles are not con-
stitutive of nature, but maxims. I note that a surprisingly similar view
is adopted widely in the use of statistics, and probability theory more
generally, in the classical physics of the ninetcenth and twentieth
century. The conceptual conflict that seems apparent is dealt with
in a way that surely would have satisfied Rant. For more discussion
of this matter, see my article."”

(iv) The fourth view, which Nagel regards as more plausible than
the three discussed so far, js that such functions contribute to the
“welfare” of cither individual organisms or populations of them, He
first examines the critique of Carl Hempel, a well-known philoso-
pher who was also a good friend ol his, so his treatment of this
view is sympathetic, even though critical. The heart of Hempel's
critique is that a functional explanation must provide a specific
explanation to be satisfactory, but if the occwrrence of any one of
a number of alternatives would work as well, then no funclional
cexplanation of the presence of some specific cause has been given,
The issue Hempel's analysis generates is associated with the doctrine
of the plurality of causes, as Nagel points out. Yet a possible plurality
ol causes, or in Hempel’s language, possible alternatives, is not suf-
ficient 1o invalidate a detailed argminent. Nagel uses the familiar
example of determining the cause of death, which is in fact often
straightforward, even though there arve cases in which a plurality
ol causes is a real problem. In my version of Nagel's critique of
IHempel's analysis 1 have much simplified the argument to what ]
Judge is the main point.

Nagel moves on in his exposition to the version of the welfare view
proposed by Michael Ruse.'® The special interest here is that Ruse
gives his analysis as part of a critique of some of Nagel's own views.

" Suppes, "lidetenminism or Instability, Does it Matter?” in Gordon G Brittan, )i,
e, Crnsality, Metho, aal Modatity: Bssays in Honor of udes Vidillemin (Boston: Kluwer
Acucdentic, 1991), pp. h-22,

UNMichael Ruse, The Philosophy of Biokgy ().oudon, UK: Tutchinson, 1978), chapter 4.
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In responding to Rusc’s eriticisins, Nagel also makes his own eriti-
cisms of Ruse. The discussion here is extended and rather compli-
cated. 1 shall uy w give a sense of it, at least in a bricf way, by citing
ouce of the amusing examples. Ruse claims that the goalsecking
system 10 which Nagel's own formulation applies can be “altogether
inappropriate.” Rusc’s example is this. Suppose it were truce that
long hair on dogs harbors fleas, and also that dogs are goal-directed
toward survival. Ruse then thinks that Nagel is committed to saying
that a biological function of long hair on dogs is to harbor tleas.

The essence of Nagel's responsc is that functional explanations
presuppose not only thal a given system is goal-directed, but also
that the biological funclions attributed to it actually contribute to
the maintenance ol the system. So Nagel would be committed to Ruse’s
claim about fleas only if he knew that in fact the presence of fleas
provided some kind of tmrmunity from disease or something similar.

Nagel docs adwmit that there seems 1o be a problem if every eflect
of a {fcature will have to count as one of an orgavism’s funciions, il
such effect contributes to the maintenance of some goal or other. Tt
seems to me that Nagel is too pessimistic on this peint. As scien-
tific disciplines develop, the range of cffects considered is highly
restricted, as part of the ongoing scientific work. For example, there
is good reason in the continued development of classical mechanics
to not investigate the complicated histoty of most physical objects or
processes being studied, except for a highly restricted list of propertics.

Moreover, this restricted list can be sharply constrained either by
direct theoretical argument for such an established theory, or by
examining current experimental work, as is done for many subtle
problems of continuum mechunics, such as the pattern of airflow
around airplane wings.

Nagel ends up adopting the goalsupporting view of functional
explanations in biology, yet, in his charactenistic fashion, with some
substantive reservations, Iis broad conclusions at the cnd of the
second Dewey Lecture are these. First, when the system-property
account of goal-directed processes is sound, functional explanations
can he shown to have the same general structure as explanations in
the physical sciences. Second, such accounts of goal ascriptions arc
alse causal in natare. Third, functional ascriptions have 4 difterenc char-
acter. ‘Lhey are not necessarily causal, but can also be explanations
ol the effects of various features and processes. Both kinds of inqui-
rics, those about causes and those about ctfects, have their proper
place. Finally, none ot the analysis and conclusions given show that
the laws and theories of biology are reducible (o those of the physical
sciences, but do have a proper scieintific status of their own.
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v
Here are some final comments of my own. First, there is one sur-
prising and important omission in the discussion of biological expla-
nations. It is the extensive use in biology of probabilistic and
statistical concepts that leads directly 1o the claim that a wide variety
of biological phenomena have, in the best current science, proba-
bilistic explanations based on the probabilistic naturc of many bio-
logical causes. This is not a recent development, but something
that rapidly developed, at the end of the ninetecenth and the begin-
ning of the twentieth century, in the work of Galton, Pearson, and
other distinguished scientists. Within this framework, many func-
tional explanations in biology arve formally stated statistically. It was
a great (rinmph of the twentieth century to develop formal statisu-
cal tests of the correciness of such hypotheses, or even more, tests
tor when to r¢ject them. Moreover, the qualitative consideration
of probabilistic causes goes back to antiquity, and already in the
cighteenth century, Laplace’s memoir of 1774" developed system-
atic methods for inferring probabilistic causes from effects, In many
ways, for much of the twentieth century, the most formal part ol
hiology was its statistical side, and many statistical studies were nor-
mative in Nagel's sense of goal-directed. This is not the place to
elaharate on these ideas, but [ belicve i"they would strengthen
Nagels claims about the extent to which biology is not reducible
in any coberent way to current physics and chemistry, notwithstand-
ing the great importance of physical and chemical mechanismis in
modern molecolar and cell biology.

Sccond, there are two striking cases of the rich use of teleological
concepts in the context of the physical scicnces and their enginecring
applications. The frstis engincering design, especially in the modern
subject of operational research and control theory, since the micdle
of the twenticth century, The extensive use of physical theory would
be expected, but the sarprise is the richness of the mathematical
methods that have been developed in this context o serve teleo-
logical goals. These methods, such as lincar programming, and
later, nonlinear dynamic programming, have made possible quanti-
tative solutions of normative problems of optimization of engincer-
ing, economic, and social importance.

‘Third, the idea of robots goes back to antiquity, but it is recally
in the twenty-first century that we will find them everywhere. Their

Y Pierre-Simon Laplace, "Mémuoire sur la probabilité des causes par les événemens,”
Mémnires de mathématique et de plysique, pesentés & CAcadémie Royale des Sciences, per divers
Seevans (olten cited as Sawuls ftrangers), v1 (1774): 621--56.
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malerials of construction will mostly be far [rom biological in nature,
but their principles of operation will be purposeful and clearly tele-
ological in vature. Indecd, certain robots will be built to model
hunan performance as closcly as possible. Perhaps the most soplis-
ticated exarmples of this kind will be robots that scem to talk and
think in a serious but natural conversational style, including the
sublle expression of emotion in specch, a subject already being
studied in computer science. The modern trony of the "machime”
will e that the closest friends of humans will in many cases be their
robot companions, who can communicate so much beter thun
their aniimal (viends of long tradition. In many ways, biologically con-
genial teteological concepts will invade the physical und engincering
scienees just as thoroughly as physics has invaded biology.

Fourth, the curvent obsession with gaining a sciemific indersiand-
ing of consciousness will surely be resolved in the present century.
This inevitable achievement of neuroscience will then be used 1o
make our robots of the future ever more human. And the scientilic
Inerature will see a welter of articles on the physics of consciousness.

Fifth, it is natural to ask how physics will have anything to say
about consciousness. The answer will come trom solving another
problem of even greatcr gencral importance. This is the problem
ol understanding how the brain computes in any ol its main systems
tasks such as speaking or listening, coovdinating accurately percep-
tion and maotor control of action, or recognizing the expression of
subte varicties of emotion, present in human imeractions of all sort,

There are many reasons to think that in the next foew decades we
will reach a much deeper anderstanding of how the brain contputes,
even if we may still be baffled by how it learns to do so. The beginning
is already several decades old, starting with the stillolder recogni-
tion that much biological behavior is oscillatory in nature, from
the chirping of crickets and the flashing of fire-flies, 1o the rhythius
of the heart and of musical instruments. The obvious physical
devices for generating oscillations are oscillators, which are wsed
to maodel an extraordinary variety of phenomena in physics from
cdock pendulums o quantum fiekds. A widely accepted hypothesis
i curnent nenvoscence is that collecions ol synichronized neurons
m the brain form eleciromagnetic oscillators. Roughly speaking,
there wre two ways such oscitlators can intevact. One is by resonance,
transterning energy at a common fregquency from one oscillator 1o
another, as in the famous Tacoma, Washington, bridge collapse
on November 7, 1940. Enormous oscillatory energy was wransferverd
ta the hridge rom the sirong winds at the fundamental frequency
of the bridge's main span. Such resonance is, among other things,
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much too slow for hrain computing. So the plausible hypothesis is
that the much faster phase-locking of oscillators is the main engine
of system computation in the brain. Little energy is required for
phasclocking, and after oscillators arc synchronized in phase, no
external energy is required, Weak coupling between the oscillators
will suttice for phase-locking. I and my coworkers belicve that un
important example of such phase-locking is the mechanism of fast
phasc-locking for vetrieving words [rom verbal memory in speaking
or listening, as well as in writing or reading.™ A deeper intertwining
ol the mental and the physical is hard 10 imagine. By the ume
these problems are completely solved, biology and physics may well
be indistinguishable. 1 believe this is an oulcome that fits in well
with Nagel's elaborate analysis of the structure of science, properly
revised from ime 1o time to accommodale the science of roday
and tomorrow.
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