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Gramophone, Film, Typewriter 

FRIEDRICH KITTLER 

translated by DOROTHEA VON MUCKE with the assistance of PHILIPPE L. 
SIMILON 

Optical fiber networks. Soon people will be connected to a communication 
channel which can be used for any kind of media-for the first time in history o r  
for the end of history. When films, music, phone calls, and texts are able to reach 
the individual household via optical fiber cables, the previously separate media of 
television, radio, telephone, and mail will become a single medium, standardized 
according to transmission frequency and bit format. Above all, the optoelec- 
tronic channel will be immunized against disturbances that might randomize the 
beautiful patterns of bits behind the images and sounds. Immunized, that is, 
against the bomb. For it is well known that nuclear explosions may send a high 
intensity electromagnetic pulse through traditional copper cables and cripple the 
connected computer network. 

T h e  Pentagon is capable of truly far-sighted planning. Only the substitution 
of optical fibers for conducting cables can accommodate the enormous rates and 
volume of bits that are  presupposed, produced, and celebrated by electronic 
warfare. Then  all early warning systems, radars, missile bases, and army head- 
quarters on the opposite coast, in Europe,' will finally be connected to com- 
puters, safe from an electromagnetic pulse and able to  function when needed. 
And for the intervening period there is even the by-product of pleasure: people 
can switch to any medium for their entertainment. After all, optical fibers can 
transmit any imaginable message but the one that counts-the one about the 
bomb. 

1. Karl Haushofer-who, "though not the author of the technical term geopolitics," was never- 
theless "its main representative in its German versionM-prophesized: "After the war, the Ameri- 
cans are going to appropriate a more or less wide strip of the European west and south coasts, and 
simultaneously annex England, thus fulfilling Cecil Rhodes's ideal from the opposite coast. They will 
thereby act in accordance with the age-old ambition of every naval power to gain control over the 
opposite coast(s) in order completely to dominate the oceanjn between. The opposite coast is at least 
the entire east coast of the Atlantic, and-in order to round off the domination over the 'seven 
seas'-possibly also the entire west coast of the Pacific. In so doing, America wants to connect the 
outer crescent to the 'axis'" (Karl Haushofer, "Nostris ex ossibus. Gedanken eines Optimisten" 
[1944], in Hans-Adolf Jacobsen, Karl Haushofer. Lrben und Werk, Boppard,/ Rhein, 1979, vol. 11, pp. 
635, 639). 
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But even now, before the end, something is coming to an end. T h e  general 
digitalization of information and channels erases the difference between individ- 
ual media. Sound and image, voice and text have become mere effects on the 
surface, or ,  to  put it better, the interface for the consumer. Sense and the senses 
become mere glitter. Their media-produced glamour will last throughout the 
transitional period as a waste product of strategic programs. In computers every- 
thing becomes number: imageless, soundless, and wordless quantity. And if the 
optical fiber network reduces all formerly separate data flows to one standard- 
ized digital series of numbers, any medium can be translated into another. With 
numbers nothing is impossible. Modulation, transformation, synchronization; 
delay, memory, transposition; scrambling, scanning, mapping-a total connec- 
tion of all media on a digital base erases the notion of the medium itself. Instead 
of hooking up technologies to people, absolute knowledge can run as an endless 
loop. 

But right now there are  still media; there is still entertainment. One is 
informed-mainly, unfortunately, thanks to  jumbojets. In the jumbo jet, media 
are  more densely connected than in most places. They remain separate, however, 
according to their technological standard, frequency, user allocation, and inter- 
face. T h e  crew is connected to radar screens, diode displays, radio beacons, and 
nonpublic channels. T h e  crew members have deserved their professional ear- 
phones. Their replacement by computers is only a question of time. But the 
passengers can benefit only from yesterday's technology and are  entertained by a 
canned media mixture. With the exception of books, that ancient medium which 
needs so much light, all the entertainment techniques are  represented. T h e  
passengers' ears are  listlessly hooked up to one-way earphones, which are  them- 
selves hooked up to tape recorders and thereby to the record industry. Their 
eyes are  glued to Hollywood movies, which in turn must be connected to  the 
advertising budget of the airline industry-otherwise they would not so regu- 
larly begin with takeoffs and landings. Not to mention the technological medium 
of the food industry to which the mouths of the passengers a re  connected. A 
multi-media embryonic sack supplied through channels o r  navels that all serve 
the purpose of screening out the real background: noise, night, and the cold of 
an unlivable outside. Against that there is muzak, movies, and microwave cuisine. 

T h e  technological standard of today, and not only of the jumbo jet, can be 
described in terms of partially connected media systems. All can still be described 
in the terms McLuhan provided. According to him, the contents of one medium 
are  always other media: film and radio constitute the content of television; record 
and tape the content of radio; silent movie and magnetic sound that of cinema; 
text, telephone, and telegram that of the semi-media monopoly of the postal 
s e r ~ i c e . ~Since the beginning of this century, when Lieben in Germany and 

2. In West Germany, in contrast to the U.S., telephone and telegraph services are subject to the 
federal postal service. -trans. 
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&Forest in California developed the electronic tube, it has become possible, in 
principle, to amplify and transmit signals. T h e  vast systems of connected media 
that have come to exist since the '30s can tap into writing, film, and 
phonography- the three storage media-and connect and emit their signals at 
will. 

But between those systems of connected media there are incompatible data 
channels and differently formatted data. Electrotechnics and electronics are not 
quite the same. Within the spectrum of the general data flow, television and 
radio, cinema and the postal service function like individual windows for one's 
sense perception. In contrast to the perfected optoelectronic future, today infra- 
red radiation or  radar echoes of approaching missiles are still sent over separate 
channels. Our  systems of connected media can only distribute words, sounds, and 
images as they are sent and received by people. Above all, the systems do  not 
compute data. They do  not produce an output which, under computer control, 
would transform any algorithm into any interface effect, to the point at which 
people will no longer be able to make sense of their senses. Right now only the 
transmission quality of the storage media, which in the connected media systems 
represents the content, is being computed. A compromise between engineers and 
sales people regulates the degree to which the sound from a television set can be 
poor, the pictures in the cinema can be fuzzy, or  a beloved voice on the telephone 
can be filtered. T h e  dependent variable of this compromise is what we take for 
our  sense perception. 

A composite consisting of a face and a voice, which, as in the case of 
Kennedy, remains calm during a T V  debate, even when faced by someone like 
Richard Nixon, is telegenic and wins presidential elections. Voices which would 
become traitors in an optical close-up, however, are called funkisch ("radiogenic") 
and rule over the VE301, the Volksempfanger of World War 11. For, as a student 
of Heidegger, one of Germany's early commentators about radio, remarks, 
"Death is primarily a radio to pi^."^ 

But what we take for our  sense perception has to be fabricated first. T h e  
domination and the connection of technical media presuppose a particular kind 
of coincidence, in Lacan's terms: something had to stop not writing itself. Long 
before the electrification of the media, that is, even before their electronic end, 
there were modest, merely mechanical apparatuses. Those apparatuses could 
neither amplify nor transmit, but they could still store data for our sense percep- 
tion: there was the silent movie for sights and Edison's phonograph for sounds. 
(Note that Edison's apparatus-in contrast to Berliner's later gramophone disk 
- could also be used for the recording of sound.) 

On December 6, 1877, Thomas Alva Edison, lord of the first research 
laboratory in the history of technology, presented the prototype of the phono- 

3. Wilhelm Hoffmann, "Vom Wesen des Funkspiels" (1933), in Gerhard Hay, ed., Literaturund 
Rundfunk 1923- 1933, Hildesheim, 1975, p. 374. 
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graph. In the same town of Menlo Park, on February 20, 1892, the so-called 
kinetoscope was completed. Thus, three years later the Lumiere brothers in 
France (or the Skladanowsky brothers in Germany) only had to provide a means 
of projection for this apparatus in order to turn Edison's kinetoscope into our  
cinema. 

Since this epoch-making event storage systems have been developed that 
can record and reproduce the temporal flow of acoustic and optical data. Ear and 
eye have become autonomous. This has brought about a far more radical change 
than have lithography and photography, which in the first third of the nine- 
teenth century merely propelled the work of art  into the age of mechanical 
reproduction (according to Walter Benjamin's thesis). Media "define what con- 
stitutes realityH4; they are  always already ahead of aesthetics. 

What was new about the storage capability of the phonograph and 
cinematograph-and both names refer, not accidentally, to writing- was their 
ability to store time: as a mixture of audio frequencies in the acoustic realm, as a 
movement of single picture sequences in the optic realm. Time, however, is what 
determines the limits of all art .  T h e  quotidian data flow must be arrested before 
it can become image o r  sign. What is called style in art  is only the switchboard of 
these scannings and selections. T h e  same switchboard also controls those arts 
that administrate in writing a serial, that is, a temporally transposed data flow. In 
order to store the sound sequences of speech, literature has to arrest them in the 
system of twenty-six letters and thereby exclude noise sequences from the begin- 
ning. It is no coincidence that this system includes, as a subsystem, the seven 
tones, the diatonic system from a to h that forms the foundation of occidental 
music. In order to  fix an acoustic chaos assaulting European ears as exotic 
music -according to the suggestion of the musicologist von Hornbostel -one 
first of all interpolates a phonograph, which can record the chaos in real time and 
reproduce it in slow motion. When the rhythms then become paralyzed and the 
"individual measures, even individual sounds resound," occidental alphabetism, 
with its staves, can proceed to an "exact n ~ t a t i o n . " ~  

Texts and scores were Europe's only means to store time. Both are  based on 
writing; the time of this writing is symbolic (in Lacan's terms). This time memo- 
rizes itself in terms of projections and retrievals-like a chain of chains. Never- 
theless, whatever runs as time on a physical o r  (again in Lacan's terms) real level, 
blindly and unpredictably, could by no means be encoded. Therefore all data 
flows, if they were real streams of data, had to pass through the defile of the 
signifier. Alphabetic monopoly, grammatology. 

If the film called history is wound back, it will become an endless loop. 
What soon will end in the monopoly of bits and fiber optics began with the 

4. Norbert Bolz, "Die Schrift des Films," in Diskursana!ysen I: Medien, Wiesbaden, 1986, p. 34. 
5 .  Otto Abraham and Erich Moritz von Hornbostel, "Uber die Bedeutung des Phonographen 
fiir vergleichende Musikwissenschaft," Zeitschrijt fur Ethnologic, no. 36 (1904), p. 229. 



Gramophone, Film, Typewriter 

monopoly of writing. History was that homogenous field which, as a subject in 
school curricula, included only cultures with written language. Mouths and 
graphisms dropped out into prehistory. Otherwise events and their stories could 
not have been ~ o n n e c t e d . ~  T h e  commands and judgments, the announcements 
and prescriptions that gave rise to mountains of corpses-military and juridical, 
religious and medical-all went through the same channel that held the monop- 
oly on the descriptions of those mountains of corpses. This is why anything that 
ever happened ended up in libraries. 

And Foucault, the last historian o r  the first archeologist, had only to look it 
up. T h e  suspicion that all power comes from archives to which it returns could be 
brilliantly illustrated, at  least within the legal, medical, and theological fields. 
This is the tautology of history o r  merely its calvary and tomb. For libraries, the 
archeologist's rich places of discovery, gathered and catalogued papers which 
differed greatly according to address, degree of secrecy, and writing technique: 
Foucault's archive as entropy of a post office.' Before it falls into libraries, even 
writing is a communication medium of which the archeologist only forgot the 
technology. Tha t  is why his analyses end immediately before that point in time 
when other media penetrated the library's stacks. For sound archives o r  towers 
of film rolls, discourse analysis becomes inappropriate. 

Nevertheless, as long as there was history, it was indeed Foucault's "endless 
bleating of word^."^ More simply, but not less technically than the fiber optics of 
the future, writing functioned as the general medium. For that reason the term 
medium did not exist. For whatever else was going on dropped through the filter 
of letters o r  ideograms. 

"Literature," Goethe wrote, "is the fragment of fragments; the least of 
what had happened and of what had been spoken was written down; of what had 
been written down, only the smallest fraction was p r e ~ e r v e d . " ~  

Accordingly, today oral history confronts the writing monopoly of the 
historians; accordingly, a media theoretician like Walter J. Ong, who, particu- 
larly in his function as a Jesuit priest, must take a professional interest in the spirit 
of the Pentecostal mystery, celebrates a primal orality of tribal cultures, as 
opposed to the secondary orality of our  media acoustics. But that kind of 
research was inconceivable as long as the opposite of "history" used to be simply 
(again in Goethe's terms) "legend.'"' Prehistory disappeared in its mythical 
name; Goethe's definition of literature did not even have to mention optical or  

6.  Geschichte, the German word for history, means both "story" and "history."-trans. 
7. See Riidiger Campe, "Pronto! Telefonate und Telefonstimmen," in Diskursanalysen 1: Medien, 
Wiesbaden, 1986, pp. 70ff. 
8.  Michel Foucault, Schrijten zur Literatur, Munich, 1974, p. 101. 
9. J .  W. Goethe, Wilhelm Meisters Wanderjahre! (1829), Samtliche Werke, Jubilaums-Ausgabe, 
Eduard von der Hellen, ed., Stuttgart and Berlin, 1904, vol. XXXVIII, p. 270. 
10. J .  W. Goethe, Die Farbenlehre (l810), Samtliche Werke, vol. XXXX, p. 148. (The German word 
for legend, Sage, derives from sagen, "to say." -trans.) 
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acoustical data flows. And under pretechnical, though literary, conditions even 
legends, those spoken segments of what had happened, could last only when they 
had been fixed in writing. Since it has become possible, however, to record on 
tape the epics of those last Homeric bards, who until recently were wandering 
through Serbia and Croatia, oral mnemotechniques or  cultures can be recon- 
structed in an altogether new way." Then  even Homer's rosy-fingered Eos is 
transformed from a goddess into a piece of chrome dioxide, which used to be 
stored in the memory of those rhapsodists and could be combined with other 
pieces into whole epics. Primal orality or  oral history are technological shadows 
of the apparatuses which they can document, only, however, after the end of the 
writing monopoly. 

Writing can store only writing, no more, no less. T h e  holy books testify to 
this fact. T h e  second book of Moses, chapter twenty, fixes a copy of what Jaweh 
originally had written with his own finger on two stone tablets: the law. Of the 
thunder and lightning, the dense cloud and very powerful trumpet that accompa- 
nied the writing-down on the holy mountain of Sinai, the Bible could store 
nothing but mere words.12 

Even less is handed down of the nightmares and visitations that came to a 
nomad called Mohammed after his flight to the holy mountain of Hira. T h e  
Koran does not begin until, in place of the many demons, the one God rules. 
Archangel Gabriel descends from the seventh heaven with a roll of scripture and 
the command to decipher it. "Read," he says to Mohammed, "read in the name 
of your Lord, who has created all and made man out of his own coagulated 
blood. Read, in the name of your Lord, the glorious, who taught man the use of 
the quill and all he did not know before."I3 

But Mohammed answers that he, the nomad, does not know how to read, 
not even the divine message about the origin of writing and reading. T h e  
archangel has to repeat his command before this illiterate man can become the 
founder of a book religion. For soon, or  all too soon, the illegible roll starts 
making sense and offers to Mohammed's magically alphabeticized eyes exactly 
that text that Gabriel already uttered twice as the oral command. It is the 
twenty-sixth sura that, according to all traditions, was at the beginning of 
Mohammed's enlightenment-a beginning which then has "to be learnt by 
heart by the believers, to be written down on primitive surfaces such as palm 
leaves, stones, wood, bones, and leatherpieces, and to be recited again and again 
by Mohammed and elect believers, especially during Ramadan."I4 

1 1 .  See Walter J .  Ong, Orality and Literacy: The Technologzzingof the World, London and New York, 
1982, p. 27, and, more clearly, p. 3. 
12. See the second book of Moses, 24:12 to 34:28. 
13. Koran, 96, V. 1-6.  
14. L. W. Winter, ed. ,  Der Koran. Das Heilige Buch des Islam, Munich, 1959. p. 6.  
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Thus, writing stores only the fact of its authorization. It celebrates the 
storing monopoly of the god who has invented it. And because this god rules over 
signs that are not meaningless only for readers, all books are books of the dead, 
like those from Egypt that stand at the beginning of literature.15 The realm of 
the dead beyond the senses to which they lure us coincides with the book itself. 
When Zeno asked the delphic oracle what was the best way to live, the answer he 
was given was: " 'To mate with the dead.' Which he understood as the equivalent 
of to read the ancients."16 

How the teaching of a god who taught the use of quills went from Moses 
and Mohammed to simpler and simpler people-this tedious history can be 
written by no one, since this would be history itself. Comparable to how, in 
electronic warfare, the memory capacities of the computers will soon coincide 
with the war itself, gigabyte upon gigabyte shall exede all the processing capaci- 
ties of historians. 

Suffice it to say that one day-in Germany, perhaps, this was already so at 
the time of Goethe-the homogenous medium of writing was additionally ho- 
mogenized by the state apparatus. General compulsory school attendance pulled 
a hide of paper over everyone. No longer a "misuse of language" (according to 
Goethe) struggling with cramped muscles and individual letters, they learned a 
way of writing which went on even in darkness or intoxication. They learned a 
"silent and private way of reading" which, as a "sad surrogate of speech,"" 
could easily consume letters, bypassing the oral organs. Whatever they were 
emitting or receiving was writing. And since whatever exists depends on what 
can be posted, the bodies themselves were submitted to the regime of the 
symbolic. This is unthinkable today, but it was once a reality: no movie stored the 
movements that they produced or perceived, no phonograph the noises they 
uttered or heard. For whatever existed failed before time. Silhouettes or pastel 
drawings fixed the play of features, and the staves failed before the noise. But 
whenever a hand would take the quill a miracle occurred. Then that body that 
had not yet stopped not writing itself would curiously, unavoidably leave traces. 

I am ashamed to admit it. I am ashamed of my handwriting. It exposes 
my naked mind. In that handwriting I am more naked than when I get 
undressed. No leg, no breath, no dress, no sound. Neither a voice nor 
an image. Everything is emptied out. Instead the full man is shriveled, 
shrunk, and stunted into his scribbling. His lines are all that is left of 
him and his propagation. The unevenness between the upstroke and 
the blank paper, minimal and hardly to be felt by the fingertips of a 

15. See Aleida and  Jan Assman, eds., Schrzft und  dedachtnis. Archaologie der literarischen Kommuni- 
kation I ,  Munich, 1983, p. 268. 
16. Friedrich Nietzsche, Geschichte der  griechischen Literatur (1874), Samtliche Werke, Musarion-
Ausgabe, Munich, 1922-29, vol. V, p. 213. 
17. J. W. Goethe, Aus meinen Leben. Dichtung und  Wahrheit (1 81 1 - 14), Samtliche Werke, vol. X X I I ,  
p. 279. 
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blind man, forms the last proportion that comprises the fellow once 
again in his totality.ls 

T h e  shame that overcomes the hero of Botho Strauss's Widmung whenever 
he sees his own handwriting exists only as an anachronism. T h e  fact that the 
minimal unevenness between upstrokes and paper can store neither a voice nor 
an image of a body presupposes in its exclusion the invention of phonography 
and cinema. Before their invention, however, without any competition, hand- 
writing could guarantee the perfect securing of traces. It wrote and wrote, in an 
energetic and ideally uninterrupted flow. For in this continuous flow of ink or  
letters the alphabetic individual had, as Hegel correctly observed, "its appear- 
ance and exteriority."lg 

And what applies to writing also applies to reading. Even if the alphabeti- 
cized individual of the "writer" finally had to fall out of the private exteriority of 
his handwriting into the anonymous exteriority of print in order to secure 
beyond distance and death "what is left of him and his propagation"-- 
alphabeticized individuals called "readers" could nevertheless reverse those ex- 
teriorizations. "If one reads correctly," Novalis wrote, "the words in us will be 
unfolded into a visible world."20 And his friend Schlegel added that "one be- 
lieves one hears what one merely reads."21 Perfect alphabetism was supposed to 
supplement precisely those optical and acoustical data flows which refused to stop 
not writing themselves under the monopoly of writing. In order to naturalize 
writing, writing had to be made painless, and reading had to become silent. 
Educated people who could skim letters were provided with sights and sounds. 

Around 1800 the book became both film and record simultaneously-not, 
however, as a media technological reality, but only in the imaginary of readers' 
souls. General compulsory school attendance and new technologies of alphabeti- 
zation helped to bring about this new reality. As a surrogate of unstorable data 
flows the book came to power and glory.22 

In 1774 an editor named Goethe had the handwritten letters or  The Sorrows 
of Young Werther printed. Even the "unknown masses" (as they are called in the 
Dedication of Faust) "should have the chance to hear a song," which, "like an old, 

18. Botho Strauss, Die Widmung. Eine ErGhlung, Munich, 1977, pp. 21ff. 
19. G . W. F. Hegel, Phanomenologie des Geistes (1 807), Gesammelte Werke, Hamburg, 1968ff., vol. 8,  
p. 42. Kittler uses the neologism alphabetisiert (literally "alphabeticized") to refer to a literate 
individual. German has no precise word meaning "literate," whereas it does have the noun Analpha-
bet which means "illiterate"-ed. 
20. Friedrich von Hardenberg (Novalis), Das allgemeine Brouillon (1798-99), Schrqten, Paul 
Kluckhohn and Richard Samuel, eds., Stuttgart, Berlin, Cologne, Mainz, 1960-75, vol. 111, p. 377. 
21. Friedrich Schlegel, ober die Philosophie (1 799), Kritische Ausgabe, Ernst Behler, ed., Munich, 
Paderborn, Vienna, 1958ff., vol. VIII, p. 42. 
22. See Friedrich Kittler, Aufschreibesysteme 1800/1900, Munich, 1985, pp. 115- 130. 
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almost forgotten legend," evoked "first love and f r i e n d ~ h i p . " ~ ~  This exactly 
describes poetry's new road to success: voices o r  handwritings are  unnoticeably 
turned into Gutenbergiana. For the same reason, we find Werther's last letter 
before his suicide still sealed, though not yet mailed off, giving his lover the 
promise of poetry itself: during their lifetime she would have to remain the wife 
of the unlovable Albert, but thereafter, "before the eyes of the infinite being," 
she would be united with her lover in an "eternal embrace."24 And indeed, that 
addressee of the handwritten love letters which were given into print by a mere 
editor/author was to be rewarded with the same kind of immortality as the novel 
itself. T h e  novel, and only the novel, will constitute that "beautiful in 
which, also in 1809, the lovers in Goethe's Elective Ajinities "will once reawaken 
united" according to the hopes of the novelist.26 During their lifetime Eduard 
and Ottilie already had a marvellously similar handwriting. Therefore, their 
death had to take them into a paradise which, under the storage monopoly of 
writing, used to  be called poetry. 

And it might very well be that that paradise was more real than our  
media-manipulated senses can imagine. T h e  suicides among Werther's readers 
might have perceived their hero, if they only read correctly, in a real, visible 
world. And the lovers among Goethe's female readers, like Bettina Brentano, 
might very well have died with the heroine of his Elective Ajinities in order to be 
reborn through "Goethe's genius" "into a more beautiful Possibly the 
perfect readers of 1800 were a living answer to  the question with which, in 1983, 
Chris Marker ends his film essay Sans Soleil: 

Lost a t  the end of the world, on my island Sal, in the company of my 
dogs strutting around, I remember January in Tokyo, o r  rather I 
remember the images that I filmed in January in Tokyo. They have 
put themselves in the place of my memory, they are my memory. I ask 
myself how people remember if they do  not make movies, o r  photo- 
graphs, o r  tapes, how mankind used to go  about remembering.28 

It is the same with language in which one has merely the choice of remem- 
bering the words and losing the meaning or ,  vice versa, of remembering the 

23. J.  W. Goethe, Zueignung (1797), Samtliche Werke, vol. XIII, pp. 3ff. For the reasons why even 
a fully alphabetized literature simulated orality, see Heinz Schlaffer, introduction to Jack Goody, Ian 
Watt, and Kathleen Gough, Entstehung und Folgen der  Schr$tkultur, Frankfurt/Main, 1986, pp. 
20-22. 
24. J. W. Goethe, Die Leiden des jungen Werther (1774), Samtliche Werke, vol. XVI, p. 137. 
25. Walter Benjamin, Goethes Wahlvewandtschaften (1 924-25), Gesammelte Schrvten, Rolf Tiede- 
mann and Hermann Schweppenhauser, eds., Frankfurt/Main, 1972-85, vol. I,  part 1, p. 200. 
26. J. W. Goethe, Die Wahlvewandtschaften (1809), Sumtliche Werke, vol. XXI, p. 302. 
27. Bettina Brentano, Goethes BrieJiuechsel mit einem Kinde (1835), Bettina von Arnim, IVerke und  
Briefe, Gustav Konrad, ed., Frechen, 1959-63, vol. 11, p. 222. 
28.- Chris Marker, Sans Soleil. Unsichtbare Sonne. ~ o l k t t i n d i ~ e r  Text zum gleichnamigen Film-Essay, 
Hamburg, 1983, pp. 23ff. 
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meaning and losing the words in doing As soon as optical and acoustical data 
can be put into some kind of media storage, people no longer need their mem- 
ory. Its "liberation" is its end.30 As long as the book had to take care of all serial 
data flows, however, words trembled with sensuality and memory. All the passion 
of reading consisted of hallucinating a meaning between letters and lines: the 
visible or  audible world of romantic poetry. And all passion of writing was 
(according to E.T.A. Hoffmann) the poet's wish "to pronounce the inner being" 
of these hallucinations "in all its glowing colors, shadows, and lights" in order to 
"hit the favorable reader as if with an electric hock."^' 

Electricity itself has brought this to an end. If memories and dreams, the 
dead and the specters have become technically reproducible, then the hallucina- 
tory power of reading and writing has become obsolete. Our  realm of the dead is 
no longer in books, where it was for such a long time. No longer is it the case 
that "only through writing will the dead remain in the memory of the living," as 
Diodor of Sicily once wrote. 

T h e  writer Balzac was already overcome by fear when faced with photogra- 
phy, as he confessed to Nadar, the great pioneer of photography. If the human 
body (according to Balzac) on the one hand consists of infinitely thin layers of 
"specters," and if on the other hand the human spirit cannot be made of nothing, 
then the daguerreotype must be a shady trick: it fixes, that is, steals those layers, 
one after the other, until finally nothing remains of those "specters" and of the 
human body itself.32 Photo albums establish an infinitely more precise realm of 
the dead than Balzac's Comidie humaine, the competing literary enterprise. In 
contrast to the arts, the work of media is not limited to the grid of the symbolic. 
Media can reconstruct bodies beyond the systems of words, colors, or  sound 
intervals. It is only media that can fulfill the "high standards" which we have 
applied to the "image" since the invention of photography. According to Rudolf 
Arnheim: "It [the image] is not only supposed to resemble the object, but it is 
also supposed to guarantee this resemblance by being the product of this object 
itself, i.e., by being mechanically produced by it -in the same way as the illumi- 
nated objects in reality mechanically imprint their image onto the photographic 
layer";33 or, as the frequency curves of noises inscribe themselves onto the 
phonographic plate. 

A reproduction authenticated by the object itself has physical precision. 
This kind of reproduction refers to the real of bodies which necessarily slips 

29. See Gilles Deleuze, "Pierre Klossowski ou les corps-language," Critique, no. 21 (1965), p. 32. 
30. See AndrC Leroi-Gourhan as quoted in Jacques Derrida, Of Grammatology, trans. Gayatri 
Chakravorty Spivak, Baltimore, 1976. 
31. E.T.A.  Hoffmann, Der Sandmann (1816). Spate Werke, Walter Miiller-Seidel, ed., Munich, 
1960, p. 343. 
32. See Nadar, "My Life as a Photographer," October, no. 5 (Summer 1978), pp. 7-28. 
33. Rudolf Arnheim, "Systematik der friihen kinematographischen Erfindungen" (1933) in Hel-
mut H. Dieterichs, ed., Kritiken und Aufsatze zum Film, Munich, 1977, p. 27. 
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through all the symbolic grids. Media always already provide the appearances of 
specters. For, according to Lacan, in the real even the word corpse is already a 
e u p h e m i ~ m . ~ ~  

And the tapping specters of the spiritistic seances, with their messages from 
the realm of the dead, appeared quite promptly at the moment of the invention 
of the Morse alphabet in 1837. Promptly, photographic plates-even and espe- 
cially with the camera shutter closed-provided images of ghosts or specters 
which, in their black-and-white fuzziness, only emphasized the moments of re- 
semblance. Finally, one of the ten uses Edison predicted (in 1878, in the North 
American Review) for the recently invented phonograph was to preserve the "last 
words of the dying." 

From those kinds of "family archive^,"^^ with their special attention to the 
returning dead, it was only a small step to fictions which connect the living and 
the dead via telephone cables. This was something wished for by Leopold Bloom 
on the occasion of his visit to the Dublin cemetery.36 It had already been turned 
into science fiction by Walther Rathenau in his double role as chairman of the 
board of AEG and as a writer. In his story Resurrection Co.,  the cemetery adminis- 
tration of a town- Necropolis, Dakota, USA-reacts to the scandal of people 
being buried alive by founding a daughter company, the Dakota and Central 
Resurrection Telephone and Bell Co., with a capital stock of $750,000 and the 
sole purpose of ensuring that even the inhabitants of graves are connected to the 
public telephone network. Whereupon the dead take advantage of their opportu- 
nity and, long before McLuhan, proceed to prove that the content of each 
medium is another medium-which is, in this concrete case, a specific profes- 
sional deformati~n.~'  

Paranormal voices on tape or radio, as they have been spiritistically re- 
searched since 1959 and preserved even in rock music since Laurie Anderson's 
1982 release, Big Science, tend to tell their researchers only their preferred 

34 .  Jacques Lacan, Le se'minaire, livre 11: Le moi dans la thebrie de Freud et dans la technique de la 
psychanalyse, Paris, 1978.  
3 5 .  Thomas Edison, quoted in Roland Gelatt, The Fabulous Phonograph 1877-1977: From Edison 
to Stereo, New York, 1977,  p. 2 9 .  Phonograph recordings of last words presuppose that "physiological 
time is not reversible" and that "in the realm of rhythm and time there is absolutely no symmetry" 
(Ernst Mach, Beitruge zur Analyse der Empjndungen, Jena, 1886,  p. 108) .  
3 6 .  See John Brooks, "The First and Only Century of Telephone Literature," in Ithiel de  Sola 
Pool, ed., The Social Impact of the Telephone, Cambridge, Massachusetts, 1977,  pp. 2 1 3 f f .  
37 .  Walther Rathenau, Gesammelte Schrqten, Berlin, 1918-29 ,  vol. IV, p. 347 .  Two examples of 
professional deformation among the dead of Necropolis: "A writer is not content with his epitaph. 
An employee of the telephone company rings in short and long intervals, signaling, in a kind of 
Morse code, a criticism of his successor." King Alexander, the protagonist of Bronnen's Ostpolzug, 
says all there is to  say about telephonitis and Hades while, according to the stage directions, the 
telephone is ringing: "Oh, you black beast, growing on fatty brown stems, you flower of untimeliness, 
you rabbit of dark rooms! Your voice is our  beyond, and it has displaced heaven" (Arnolt Bronnen, 
Ostpolzug(1926), Stiicke, Hans Mayer, ed., Kronberg, 1977,  vol. I, p. 133. 



OCTOBER 


wavelengths.38 This is quite comparable to the case of Judge Schreber, in which, 
in 1898, a paranormal "base or  nerve language" of beautiful autonomy revealed 
its code and channels,39 that is, when channel and message became one. "You 
just have to choose a talk show station of the middle, short, or  long wave, or  the 
so-called white noise, a noise in between two stations, or  the "Jurgenson wave," 
which, depending on your location, is to be found between 1450 and 1600 kHz, 
between Vienna and M o ~ c o w . " ~ ~  You then connect a tape recorder to the radio 
and, when you replay the tape, you will hear ghost voices which do  not originate 
from any known station, but which will, like any official newscaster, result in 
sheer advertising for the radio. For the location and the existence of such a 
'Jiirgenson wave" has been pinpointed by "Friedrich Jurgenson, the nestor of 
vocal re~earch ."~ '  

T h e  realm of the dead has the same dimensions as the storage and emission 
capacities of its culture. Media, as you can read in Klaus Theweleit, are always 
already flight apparatuses into the other world. If grave stones stood as symbols 
at the beginning of culture,42 our media technology can bring back all the gods. 
The  old lamentations about temporality that always used to measure the distance 
between writing and sensuality have been suddenly silenced. In the media land- 
scape immortals have come to exist again. 

War on the Mind is the title of a book on psychological strategies of the 
Pentagon. In it we are told that the planning staff for electronic warfare, which is 
merely continuing the battle of the A t l a n t i ~ , ~ ~  has already made lists of those days 
that mean luck o r  mishap for other peoples. This allows the U.S. Air Force "to 
choose the time of a bomb attack in accordance with the predictions of some local 
god." Voices of those gods have been tape recorded in order to be able "to 
frighten primitive native guerillas and confine them to their villages" when 
played from a helicopter. And finally, the Pentagon has had developed special 
film projectors which can project those tribal gods on low-hanging clouds.44 The  
technologically implemented beyond. . . . 

There is no need to mention that the lists of those good and black days are 
not kept in the Pentagon in the form of manuscripts. Office technology keeps up 
with media technology. Cinema and phonograph, Edison's two great develop- 
ments, which inaugurated our present, have their third term in the typewriter. 

38. Indeed, the song "Example #22" montages the announcements and sound of "Beispiels Nr. 
22" ("Hier spricht Edgar" [Hildegard Schafer, Stimmen aus einer anderen Welt,  Freiburg, 1983, 
p. 1 I]), which must have wandered on a paranormal cassette-to-book from Freiburg to the U.S. 
39. See Jacques Lacan, Ecrits: A Selection, trans. Alan Sheridan, New York, 1977, p. 184. 
40. Schafer, p. 3. 
41. Ibid., p. 2. 
42. See Jacques Lacan, Ecrits, Paris, 1966. 
43. See Don E. Gordon, Electronic Warfare: Element ofstrategy and Multiplier ofcombat Power, New 
York, 198 1 ,  passim. 
44. Peter M'atson, War on the Mind: The Military Uses and Abuses ofPsychology, New York, 1978. 
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The  authors of books and their publishers, however, have become so accustomed 
to dealing with typescripts that cultural histories, which recently have regained so 
much popularity, generally tend to forget about the typewriter. Since 1865 (in 
Europe) or  1868 (in America) writing has no longer consisted of those ink or  
pencil traces of a body, whose optical or  acoustical signals were irretrievably 
abandoned in order that the readers, at least, might flee into the surrogate 
sensuality of handwriting. In order to allow for a series of sounds and sights to be 
stored, the old European storage technique had first of all to be mechanized. 
Hans Magnus Johan Malling Hansen in Copenhagen and Christopher Latham 
Sholes in Milwaukee developed typewriters that could be mass-produced. Edison 
thought highly of the potential of this invention at the time when Sholes went to 
see him in Newark to show him his recently patented model and to invite the man 
who had invented invention itself to cooperate with him.45 

But Edison turned the offer down-almost as if the phonograph and the 
kinetoscope had, already in 1868, been waiting for their inventor, thus limiting 
his time. Instead, the offer was accepted by an arms manufacturer that had been 
suffering from a loss in sales since 1865. Remington, and not Edison, took over 
the discourse machine-gun from Sholes. 

Finally, it was not the marvellous One from whom the three media of our 
age would have sprung. At the beginning of our age there is quite the opposite 
situation: there is division or  d i f f e ren t i a t i~n .~~  On the one hand there are two 
technical media which can, for the first time, fix unwritable data flows; on the 
other hand there is "something in between tool and machine," as Heidegger 
wrote so precisely about the typewriter.47 On the one hand there is the enter- 
tainment industry with its new forms of sensuality; on the other hand there is a 
writing which already separates body and paper in the process of production, not 
just in the process of reproduction (as in the case of Gutenberg's movable type). 
The  letters and their order are standardized from the beginning as type and 
keyboard, while media are placed in the noise of the real -as the fuzziness of the 
pictures in the cinema, as the hissing on tape. 

In a standardized text, paper and body, writing and soul fall apart. Type- 
writers do  not store an individual, their letters d o  not transmit a beyond which 
could be hallucinated by perfect alphabets as meaning. Everything which, since 
Edison's two innovations, can be taken over by the technical media disappears 

45. See Alfred Walze, "Auf den Spuren von Christopher Latham Sholes. Ein Besuch in Milwau- 
kee, der Geburtsstatte der  ersten brauchbaren Schreibmaschine," Deustche Stenografenzeitung, 1980, 
p. 133. 
46. See Niklas Luhmann, "Das Problem de  Epochenbildung und die Evolutionstheorie," in Hans- 
Ulrich Gumbrecht and Ulla Link-Heer, eds., Epochenschwellen und Epochenstrukturen im Diskurs der 
Literatur- und Sprachhistorie, Frankfurt/Main, 1985, pp. 20-22. 
47. Martin Heidegger, Parmenides (1942-43), Gesamtausgabe, Manfred S. Frings, ed., Frankfurt/ 
Main, 1982, part 2, vol. 54, p. 127. T h e  professionalism of this assertion is confirmed by Erich 
Klockenberg, Rationalisierung der Schreibmaschine und ihre Bedienung, Berlin, 1926, p. 3. 
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out of the typescripts. The dream of a real, visible, or audible world arising from 
the words is over. The historical synchronicity of cinema, phonography, and 
typewriter separated the data flows of optics, acoustics, and writing and rendered 
them autonomous. The fact of this differentiation is not altered by the recent 
ability of electric or electronic media to bring them back together and combine 
them. 

In 1860, five years before Malling Hansen's mechanical writing ball, this 
first typewriter that could be mass-produced, Keller's Missbrauchte Liebesbriefe 
announced the illusion of poetry: love had only the impossible alternative either 
to "speak with black ink" or "to let the red blood speak."4s When typing, 
filming, and taking photographs become three equal options, however, writing 
loses those aspects of a surrogate sensuality. Around 1880 poetry becomes 
literature. It is no longer the red blood of a Keller or the inner forms of a 
Hoffmann that have to be transmitted by standardized letters; it is a new and 
beautiful tautology of technicians. According to Mallarme's instant insight, liter- 
ature does not mean anything but that it consists of twenty-six letters.49 

Lacan's "methodological distinction" between the real, the imaginary, and 
the symbolic is the theory (or merely a historical effect) of this differentiation. 
The symbolic includes the signs of language in their materality and technicity; 
that is, they form, as letters and ciphers, a finite set which does not address the 
philosophical dream of an infinity of meaning. What counts are only differences 
(or in terms of the typewriter) the spaces between the elements of a system. For 
that reason the world of the symbolic, in Lacan, is already called "the world of 
the machine."50 

The imaginary, however, is constituted as the mirror image of a body which 
appears to be more perfect as regards its motor control than the body of an 
infant.51 The imaginary thereby implements precisely that optical illusion which 
was being explored at the birth of film. A body that is fragmented or (in the case 
of the film) cut apart is confronted by the illusory continuity of movements in the 
mirror or movie. It is not merely accidental that the euphoric reactions of infants 
at the sight of their double in the mirror were fixed by Lacan in a documentary 
film. 

From the real, nothing more can be brought into the daylight than what 
Lacan had presupposed in its being given-nothing. It forms that residue or 
waste which can be caught neither in the mirror of the imaginary nor in the grids 
of the symbolic: physiological accident, stochastic disorder of bodies. 

48. Gottfried Keller, Die missbrauchten Liebesbriefe (1865), in Die Leute von Seldwyla. Gesammelte 
Gedichte, Munich, 1961, p. 376. 
49. See Stkphane MallarmC, La litthature. Doctrine (1893), Oeuvres comp&tes, Henri Mondor and G. 
Jean-Aubry, eds., Paris, 1945, p. 850. 
50. Lacan, Le se'minaire, livre I I .  
51. Jacques Lacan, "The mirror stage as formative of the function of the I," in Ecrits: A Selection, 
pp. 1-7.  
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Methodological distinctions of modern psychoanalysis and technical distinc- 
tions of the modern media landscape coalesce very clearly. Each theory has its 
historical a priori. And structuralism as a theory only spells out what has been 
coming over the information channels since the beginning of this century. 

Only the typewriter provides a writing which is a selection from the finite 
and ordered stock of its keyboard. T h e  typewriter literally illustrates what Lacan 
shows in terms of the antiquated letter-box. In contrast to the flow of handwrit- 
ing, here discrete elements separated by spaces are placed side by side. The  
symbolic has the status of block letters. -Film was the first to store a moving 
double in which men, as opposed to all other primates, misrecognize their bodies. 
That  is to say that the imaginary has the status of cinema. -And the phono- 
graph was the first to fix what is being produced by our larynx as noise before 
any semiotic order or  semantic units. T o  obtain pleasure, Freud's patients need 
no longer want the good of the philosophers; they just have to babble.52 The  
real-particularly in the talking cure of psychoanalysis-has the status of 
phonography. 

The  technical differentiation of optics, acoustics, and writing around 1880, 
as it exploded Gutenberg's storage monopoly, made the fabrication of so-called 
man possible. His essence runs through apparatuses. Machines conquer functions 
of the central nervous system, not merely the muscular system as they did 
previously. And it is only then-not yet with the steam engine and railroad- 
that we have a clean division between matter and information, between the real 
and the symbolic. In order to invent phonography and cinema, the ancient 
dreams of mankind do  not suffice. T h e  physiology of the eye, ear, and brain have 
to become objects of research. In order to optimize writing for machines, it must 
no longer be dreamt of as an expression of individuals or  as a trace of bodies. The  
forms, differences, and frequencies of letters have to be reduced to formulas. 
So-called man becomes physiology on the one hand and information technology 
on the other. 

When Hegel summed up the perfect alphabetism of his time, he called it 
spirit. The  readability of all history and all discourse transformed man or  the 
philosopher into god. T h e  media revolution of 1880, however, laid the grounds 
for all theories and practices which could then avoid the confusion of informa- 
tion and spirit. In place of thinking we have Boolean algebra; instead of con- 
sciousness we have an unconscious which is transformed from "The Purloined 
Letter" (at latest with Lacan's reading) into a Markoff-chain.53 T h e  fact that the 
symbolic is called the world of the machine liquidates the megalomaniacal as- 
sumption of so-called man that he is distinguished by the "quality" of having a 
"consciousness" and that he is anything more than a computer. For both people 

52.  Jacques Lacan, Le se'minaire, liure X X :  Encore, Paris, 1975, pp. 53,  73. 
53.  See Jacques Lacan, "The Seminar on 'The Purloined Letter,"' Yale French Studies, no. 48 
(1973). 
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and computers are subject to interpellation by the signifier, that is, both are 
programmed. Already in 1874,eight years before he decides to buy a typewriter, 
Nietzsche asks himself whether these are still men or  simply thinking, writing, 
and computing machines.54 

In 1950 Alan Turing, the practitioner among England's mathematicians, 
will answer Nietzsche's question. With formal elegance he shows that the ques- 
tion is not a real question. Turing's essay, "Computing Machinary and Intelli- 
gence," which appeared in the philosophical periodical Mind,of all journals, 
proposes an experiment, the so called Turing game: 

A computer A and a man B communicate data via some interface connec- 
tions of some sort of telewriter. T h e  exchange of texts is monitored by a censor 
C that also receives merely written information. A and B pretend to be men. C 
has to decide which of the two does not simulate and which of the two is merely 
Nietzsche's thinking, writing, and computing machine. But because the machine, 
each time it gives itself away by making a mistake or  rather by not making any, 
can improve its program through learning, the game remains open ended.55 In 
the Turing game man and his simulation coalesce. 

This is already the case because the censor C receives no manuscripts, but 
plotter outprints or  typescripts. Certainly computers could also simulate human 
hands, with their routines and occasional mistakes, their so-called individuality, 
but Turing, as the inventor of the universal discrete machine, was a typist. He 
was not a particularly good typist-not much better than his tom cat, Timothy, 
who was allowed to jump on the key board of his typewriter in his chaotic secret 
service office5'j--but nevertheless, his typing was less catastrophic than his 
handwriting. Already the teachers of the honorable public school Sherborne 
could hardly forgive their pupil his chaotic lifestyle and messy handwriting. He  
got bad grades for brilliant exams in mathematics only because his "handwriting 
was worse than ever seen before."57 This shows how faithfully schools cling to 
their old duty of fabricating quite literally in-dividuals by drilling them in a 
beautiful, continuous, and individual handwriting. But Turing, a master in sub- 
verting all kinds of discipline and self-cultivation, escaped. He  made plans for the 
invention of an "incredibly primitive" t y p e ~ r i t e r . ~ ~  

Those plans were not realized. But when on the meadows of Grantchester, 
the meadows of all English lyrics from the romantics to Pink Floyd, he came 

54.  Friedrich Nietzsche, Unzeitgemasse Betrachtungen (1873-76),  Werke, Kritische Gesamtausgabe, 
Giorgio Colli and Mazzino Montinari, eds., Berlin, 1967ff., vol. 3, part 1 ,  p. 278. 
55.  See Alan Turing, "Computing Machinery and Intelligence," Mind: A Quarterly Review of 
Psychology and Philosophy, no. 5 9  (1950); see also Andrew Hodges, Alan Turing: The Enigma, New 
York, 1983, pp. 415-417 .  
56.  Hodges, p. 279. 
57 .  Ibid., p. 30.  
58 .  Ibid., p. 14. 
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across the idea of the universal discrete machine, the student's dream was real- 
ized and transformed. T h e  principle of Sholes's typewriter, patented in 1868, has 
survived until today. Only the man or  stenotypist who was needed by Remington 
& Son for writing and reading has been rendered obsolete by Turing. 

And this is so because a Turing machine is even more incredibly primitive 
than the Sherborn plan for a typewriter. All it has to deal with are a paper 
ribbon, which is at once its program and its data material, its input and its output. 
Turing has slimmed down the common typewriter page to this one-dimensional 
ribbon. But there are even further economizations: his machine no longer needs 
those many redundant letters, cyphers, and signs of a typewriter keyboard; all it 
needs is one sign and its absence, 1 and 0. T h e  machine can read this binary 
information, or  (in Turing's technical word) can scan it. It can move the paper 
ribbon a space to the right, o r  a space to the left, o r  not at all. It moves by jerks 
and therefore discretely, like typewriters, which have, in contrast to handwriting, 
block letters, back spacers, and space bars. (In a letter to Turing we find: 
"Pardon the use of the typewriter: I have come to prefer discrete machines to 
continuous ones."59) T h e  mathematical model of 1936, however, is no longer a 
hermaphrodite between a machine and a mere tool; as a feedback system it beats 
all the Remingtons. For the sign on the paper ribbon, or  respectively its absence, 
which is read, steers the next step, which is a kind of writing: it depends on the 
reading whether the machine keeps the sign or  erases it or ,  vice versa, whether it 
keeps a space blank or  puts a sign on it. And so on, and so on. 

That is all. But no computer that will ever be built can do  more. Even the 
most advanced Von-Neumann machine (with program storage and computing 
unit), though faster, is in principle no different from Turing's infinitely slow 
model. Furthermore, not every computer has to be a Von-Neumann machine, 
while all imaginable computers are only a state n of the universal discrete 
machine. In 1936 Turing proved it mathematically, two years before Konrad 
Zuse built the first programmable computer out of simple relays.60 At that point 
the world of the symbolic really turned into the world of the machine. 

T h e  age of media-as opposed to the history that ends it-moves in jerks, 
like Turing's paper ribbon. From the Remington, via the Turing machine, to 
microelectronics; from mechanization, via automatization, to the implementa- 
tion of a writing which is cypher and not sense-one century sufficed to trans- 
form the ancient storage monopoly of writing into the omnipotence of integrated 
circuits. Like Turing's correspondents, everything goes from the analogous ma- 

59.  Quoted in Hodges, p. 387. 
60. See Konrad Zuse, Der Computer. Mein Lebenswerk, Berlin 1984, p. 41: "Decisive thought, June 
19, 1937. There are elementary operations to which all computing and thinking operations can be 
reduced. A primitive type of mechanical brain consists of  a storage system, a dialing system, and a 
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chine to the discrete. T h e  compact disc digitalizes the gramophone, the video 
camera the cinema. All data flows end in a state n of Turing's universal machine; 
numbers and figures become (in spite of romanticism) the key to all creatures. 

simple apparatus which can treat conditional chains of two or  three links. With this form of brain it 
has to be theoretically possible to solve all puzzles that can be mechanically dealt with, regardless of 
the time required. More complex brains are merely a matter of the faster accomplishment of those 
processes." 
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Visual essentialism and the object of visual culture

Mieke Bal

Here and there, programs of study that carry the name ‘visual culture’ are emerging,
but to my knowledge no departments. Is this because ‘visual culture’ is an
(interdisciplinary) field? To call ‘visual culture’ a field is to treat it like religion:
religion is the field, theology its dogmatic intellectual circumscription, and
‘religious studies’, or better, ‘religion studies’, the academic discipline. To confuse
those terms is to be sucked into the very thing you need to examine, whereby it
becomes impossible to examine your own presuppositions. You cannot pull yourself
out of that marsh by your own hair.

Is ‘visual culture’ a discipline? The first, obvious answer is ‘no’, because its object
cannot be studied within the paradigms of any discipline presently in place. It is
certainly not the province of art history. On the contrary, it has emerged primarily
because that discipline has largely failed to deal with both the visuality of its objects
– due to the dogmatic position of ‘history’ – and the openness of the collection of
those objects – due to the established meaning of ‘art’. To take visual culture as art
history with a cultural studies perspective (Mirzoeff, 1999: 12) is to condemn it to
repeating the same failure. While not ignoring art history altogether, visual culture
as I conceive it badly needs to draw upon several other disciplines: well-established
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ones like anthropology, psychology and sociology, or ones that are themselves
relatively new, like film and media studies.

But a second answer to the question of whether visual culture is a discipline has to
be ‘yes’, because unlike some disciplines (e.g. French) and like others (e.g.
comparative literature and art history), it lays claim to a specific object and raises
specific questions about that object. It is the question of that object that interests me
here. For, although visual culture studies is grounded in the specificity of its object
domain, lack of clarity on what that object domain is remains its primary pain point.
It is this lack that may well determine the life span of the endeavour. So rather than
declaring visual culture studies either a discipline or a non-discipline, I prefer to
leave the question open and provisionally refer to it as a movement. Like all
movements, it may die soon, or it may have a long and productive life.

Perhaps it is bad form to begin a programmatic reflection on an allegedly new
endeavour with a negative note, but then, critical self-reflection is an inherent
element in any innovative, progressive academic endeavour. It is from within this
self-critical perspective, that is, from within the aim to contribute to visual culture
but not as a firmly believing acolyte, that I wish to submit that the term, or would-
be concept, of visual culture is highly problematic. If taken at face value, it
describes the nature of present-day culture as primarily visual.1 Alternatively, it
describes the segment of that culture that is visual, as if it could be isolated (for
study, at least) from the rest of that culture. Either way, the term is predicated upon
what I call here a kind of visual essentialism that either proclaims the visual
‘difference’ – read ‘purity’ – of images, or expresses a desire to stake out the turf of
visuality against other media or semiotic systems.2 This turf-policing is visual
culture’s legacy, its roots in the paranoid corners of the art history to which it
claims, in most of its guises, to offer a (polemical) alternative.3

Indeed, my first reason for hesitating to endorse the notion of visual culture
wholeheartedly is its direct genealogy and the limitations that entails. As a term for
an academic and cultural discipline or approach, ‘visual culture’ carries over – from
one of the dogmatic elements of its predecessor and antagonist – the ‘history’
element of art history. Important as it otherwise is, this element can lead to the
collapse of object and discipline that so often becomes an excuse for
methodological dogmatism or indifference, or, at the very least, for a lack of
methodological self-reflection. In this article, I argue both for and against what
must be called ‘visual culture study’ or ‘studies’, and attempt to draw, from my
initial critical note, a productive entrance into a discussion on the point of the
movement after which the present journal is named.

I will attempt to circumscribe the object domain of this movement in terms which
both avoid and critique visual essentialism, that purity-assuming cut between what
is visual and what is not. Through that search for the object, I will discuss a few, but
by no means all, of the main issues that present themselves once that object domain
is taken as a field of study and analysis. Finally, I will conclude by touching on
some methodological consequences.4
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The death of the object: interdisciplinarity

The object, then, comes first. In an academic situation, where disciplines as well as
interdisciplinary fields are defined before all else by their respective object domains
(art history, literary studies, philosophy, regional studies, period studies), the first
question that any reflection on the objects of ‘visual culture studies’ raises is that of
such a movement’s status within academic thought and organization. For the answer
to the question of whether this is a discipline or interdiscipline depends on the
answer to the question of the object. If the object domain consists of consensually
categorized objects around which certain assumptions and approaches have
crystallized, we are dealing with a discipline. Literary studies is a clear example,
even if in the Anglo-Saxon world it either goes under the name of ‘English’, is
concentrated here and there under the heading of ‘Comparative Literature’, or is
dispersed (in large, classical universities) according to regional or even national
boundaries.

If the object domain is not obvious, indeed, if it must be ‘created’, perhaps after
having been destroyed first, we may be heading towards the establishment – by
definition, provisional – of an interdisciplinary area of study. Long ago (1984),
Roland Barthes, one of the heroes of cultural studies, that other direct ascendant of
visual culture, wrote about interdisciplinarity in a way that distinguished that
concept sharply from its more popular parasynonym ‘multidisciplinarity’. In order
to do interdisciplinary work, he cautioned, it is not enough to take a ‘subject’
(theme) and group several disciplines around it, each of which approaches the same
subject differently. Interdisciplinary study consists of creating a new object that
belongs to no one.5

In this view, enumerating participating disciplines is not good enough, even if these
lists include other contemporary (inter)disciplines. Yet this is common practice in
recent publications that claim visual culture as new. In contrast, I align myself here
with the more intellectually challenging studies, which neither have nor claim the
status of textbook, but which carry on with their business of analysing cultural
artifacts that are primarily visual, from a theoretically informed and savvy
perspective that demonstrates its relative novelty in the quality of the analyses.

One such study is Eilean Hooper-Greenhill’s Museums and the Interpretation of
Visual Culture (2000). In the first chapter of this book, on the imbrication of
museum studies between visual and material culture study, she makes the case for
what each participating discipline has to contribute. Her point is not that the
disciplines she invokes constitute a comprehensive list, but that her object requires
analysis within the conglomerate of these disciplines. Within this conglomerate
each discipline contributes limited, indispensable and productive methodological
elements, which together offer a coherent model for analysis, not a list of
overlapping questions. This concatenation may shift, expand or shrink according to
the individual case, but it is never a ‘bundle’ of disciplines (multidisciplinarity), nor
a supradisciplinary ‘umbrella’.6

But how does one create a new object? Visual objects have always existed. Hence,
creating a new object that belongs to no one makes it impossible to define the object
domain as a collection of things. In order to consider what is ‘visual culture’ as that
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new object, the elements ‘visual’ and ‘culture’ need to be re-examined in relation to
each other. Both must be taken out of the essentialisms that have plagued their
traditional counterparts. Only then can this object be considered ‘new’. It is not
engraved in stone that such a reconsideration is best served by definitions.
Suspending my aversion to visual essentialism, then, I now try to see how such a
creation can come about on the basis not of a collection of objects or categories of
objects, but of visuality as the object of study.7

Of course, there are things we consider objects – for example, images. But their
definition, grouping, cultural status and functioning must be ‘created’. As a result, it
is by no means obvious that ‘visual culture’, and hence, its study, can be set apart,
let alone consist of images. At the very least, the object domain consists of things
we can see or whose existence is motivated by their visibility; things that have a
particular visuality or visual quality that addresses the social constituencies
interacting with them. The ‘social life of visible things’, to recycle Arjun
Appadurai’s (1986) phrase for a segment of material culture, would be one way of
putting it.8

The question here, then, is, can the object domain of visual culture studies consist of
objects at all? In her contribution to visual culture studies, Eilean Hooper-Greenhill
draws attention to the ambiguity of the word ‘object’ itself. According to the
Chambers Dictionary (1996), an object is a material thing, but also an aim or
purpose, a person or thing to which action, feelings or thoughts are directed: thing,
intention and target (Hooper-Greenhill, 2000: 104). The conflation of thing with
aim does not imply attributing intentions to objects, although to some extent such a
case could be made (see Silverman, 2000, esp. ch. 6). The conflation, instead, casts
the shadow of intention of the subject over the object. In this guise, the ambiguity of
the word ‘object’ harks back to the goals of 19th-century object-teaching and its
roots in pedagogical positivism. ‘The first education should be of the perceptions,
then of memory, then of the understanding, then of the judgement’.9

This order is clearly meant as a recipe for progressive education in which the child
is empowered to form its own judgments based on perception. This was a much-
needed emancipation of the young subject at the time. However, it is also precisely
the reversal of what visual culture studies ought to disentangle and reorder. For, in
the then-welcome attempt to counter the newly ‘invented’ ideological
brainwashings produced by the primacy of opinion, the sequence established
proclaims the supremacy of a rationality that represses subjectivity, emotions and
beliefs. It is an attempt to objectify experience.10 However, the idea of the ‘real’
thing suppresses the constructed nature of ‘reality’. The ‘social life of things’
(Appadurai: 1986) cannot be grasped by grasping an object in your hands.

Just as there is a rhetoric that produces an effect of the real, so there is one that
produces the effect of materiality.11 Authenticating an interpretation because it is
grounded in acts of seeing or, more strongly, in perceptible material properties, is a
rhetorical use of materiality. On the one hand, meeting the material object can be a
breathtaking experience: for students of objects, such experiences are still
indispensable to counter the effects of endless classes where slide shows instill the
notion that all objects are of equal size. Yet there can be no direct link between
matter and interpretation. The belief that there is, which underlies this pedagogy,
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resorts to the authority of materiality, which Davey (1999) sees as the thrust of such
rhetoric: ‘The “thinginess” of objects, the concrete “reality,” gives weight, literally,
to the interpretation. It “proves” that this is “how it is,” “what it means”.’12

This rhetoric can, of course, be countered or – to the extent that it is not entirely
useless in the face of still-rampant idealism – revised and supplemented in various
ways. One of these is to give attention to the various framings not only of the object
but also of the act of looking at it.13 But such a description of the object entails not
only the much-advocated social perspective on things. If these things address
people, the study also includes the visual practices that are possible in a particular
culture, hence, scopic or visual regimes; in short, all forms of visuality.14 The
regime in which the rhetoric of materiality was possible is just one such regime that
is liable to be analysed critically.

Thus formulated, the object of visual culture studies can be distinguished from
object-defined disciplines such as art history and film studies, through the centrality
of visuality as the ‘new’ object. This begs the question of visual culture studies’
object in a major way, however. My guess is that this is why ‘visual culture’ and its
study remain diffuse and, at the same time, limited. Perhaps this is an effect of the
attempt to define objects. And perhaps the temptation to make definition the starting
point is part of the problem.

Instead of defining an allegedly newly created object, then, let me run through some
aspects of the object from the starting point of the question of visuality. That
question is simple: what happens when people look, and what emerges from that
act? The verb ‘happens’ entails the visual event as an object, and ‘emerges’ the
visual image, but as a fleeting, fugitive, subjective image accrued to the subject.
These two results – the event and the experienced image – are joined at the hip in
the act of looking and its aftermath.

The act of looking is profoundly ‘impure’. First, sense-directed as it may be, hence,
grounded in biology (but no more than all acts performed by humans), looking is
inherently framed, framing, interpreting, affect-laden, cognitive and intellectual.
Second, this impure quality is also likely to be applicable to other sense-based
activities: listening, reading, tasting, smelling. This impurity makes such activities
mutually permeable, so that listening and reading can also have visuality to them.15

Hence, literature, sound and music are not excluded from the object of visual
culture. This is nothing new, and art practice has made a point of driving home this
impurity. Sound installations are a staple of exhibitions of contemporary art, as are
text-based works. Film and television, in this sense, are more typical as objects of
visual culture than, say, a painting, precisely because they are far from exclusively
visual. As Ernst van Alphen (2002) has demonstrated in the April issue of this
journal, acts of seeing can be the primary motor of entire literary texts that are
structured by images, even if not a single ‘illustration’ is called for to drive the point
home.

Visuality’s ‘impurity’ is not a matter of mixed media, as is suggested by Walker and
Chaplin (1997: 24–5). Nor is the possibility of combining the senses my point here.
But nor is visuality interchangeable with the other sense perceptions. More
fundamentally, vision is itself inherently synaesthetic. Many artists have been
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‘arguing’ this through their work.16 Irish artist James Coleman is a case in point. His
slide installations are remarkable in this regard because they are visually riveting,
and because they are made with a perfectionism that in itself foregrounds the nature
of visuality. That Coleman is acclaimed as a visual artist of great achievement is not
surprising; nothing in his work questions its status as visual art. Yet his installations
are just as absorbing because of their sound – the quality of the voice, including its
bodily nature as evidenced in sighs – and because of the profoundly literary and
philosophical nature of the texts spoken. Among the many things these works
accomplish, they profoundly challenge any reduction to hierarchy of the sense
domains involved.

Far from the photographs illustrating the text or the words ‘explicating’ the images,
the simultaneity between the photographs and images and their appeal to the
viewer’s entire body operates by means of the enigmatic discrepancies between
these two main registers.17 Hence, any definition that attempts to distinguish
visuality from, for example, language, misses the point of the ‘new object’ entirely.
For, with the isolation of vision comes the hierarchy of the senses, one of the
traditional drawbacks of the disciplinary division of the Humanities. ‘To
hypostasize the visual risks reinstalling the hegemony of the “noble” sense of sight
... over hearing and the more “vulgar” senses of smell and taste’, wrote Shohat and
Stam (1998: 45). Not to speak of touch.

Another instance of visual essentialism that leads to gross distortion is the uncritical
embrace of the new media, presented as visual. One of the darlings among the
objects usually enumerated in order to give ‘visual culture’ a profile of its own is the
internet. This always astounds me. The internet is not primarily visual at all.
Although it gives access to virtually unlimited quantities of images, the primary
feature of this new medium is of a different order. Its use is based on discrete rather
than dense signification (Goodman, 1976). Its hypertextual organization presents it
primarily as a textual form. It is qua text that it is fundamentally innovative. In his
very useful account of Lyotard’s ‘Fiscourse Digure’ (1983), David Rodowick
writes:

The digital arts further confound the concepts of the aesthetic, since they are
without substance and therefore not easily identified as objects. No medium-
specific ontology can fix them in place. For this reason, it is misleading to
attribute a rise in the currency of the visual to the apparent power and
pervasiveness of digital imaging in contemporary culture. (2001: 35)

Of course, it is rather senseless to establish a rivalry between textuality and
visuality in this respect, but if anything characterizes the internet, it is the
impossibility of positing its visuality as ‘pure’ or even primary. If the digital media
stand out as typical in the mode of thinking that requires visual culture studies as a
new cultural (inter)discipline, it is precisely because they cannot be considered
visual, or just discursive either. In Rodowick’s words, ‘the figural defines a semiotic
regime where the ontological distinction between linguistic and plastic
representations breaks down’ (p. 2). Therefore, if the internet is liable to inspire new
categorizations of cultural artifacts, it would more adequately be described as
‘screen culture’, with its particular fugitivity, in contradistinction from ‘print
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culture’, in which objects, including images, have a more durable form of
existence.18

What could be at stake in such rapid hypostasizings of key objects? For one, it is a
way of appropriating the new media for a discipline (art history) that, in the process,
gains the connotation of innovation and cutting edge that it so badly needs, while at
the same time maintaining the visualism of that discipline at the centre of the
allegedly new one. These kinds of unquestioned assumptions tend to come from art
historians-turned-‘visual-culture’-enthusiasts.19 But if visual culture studies has an
object domain, it is in the implications of its two key terms that this domain must
first be sought.

The impurity of visuality against objects

Instead of visuality as a defining property of the traditional object, it is the practices
of looking invested in any object that constitute the object domain: its historicity, its
social anchoring and its openness to the analysis of its synaesthetics. It is the
possibility of performing acts of seeing, not the materiality of the object seen, that
decides whether an artifact can be considered from the perspective of visual culture
studies. Even ‘purely’ linguistic objects such as literary texts can be analysed
meaningfully and productively in this way qua visuality. Indeed, some ‘purely’
literary texts only make sense visually.20 The latter not only include an untamable
mixture of the senses involved, but also the inextricable knot of affect and cognition
that every perceptual act constitutes. Hence, the knot of ‘power/knowledge’ is never
absent from visuality, nor solely cognitive; instead, power, precisely, operates by
means of that mix.21 What Foucault (1975: ix) called ‘the look of the knowing
subject’, Hooper-Greenhill (2000: 49) notes, ‘questions the distinction between the
visible and the invisible, the said and the unsaid’. These distinctions are themselves
practices that change over time and according to social variables.

This is why academic stances such as those distributed (polemically) between art
history and visual culture studies are inevitably complicitous in what they analyse.
Knowledge, itself not limited to cognition even if it prides itself on such a
limitation, is constituted, or rather, performed, in the same acts of looking that it
describes, analyses and critiques.22 For, in the simplest formulation, knowledge
directs and colours the gaze, thereby making visible those aspects of objects that
otherwise remain invisible (Foucault, 1975: 15), but also the other way around: far
from being a feature of the object seen, visibility is also a practice, even a strategy,
of selection that determines what other aspects or even objects remain invisible. In a
culture where experts have high status and influence, expert knowledge thus not
only enhances and preserves its objects, it also censors them.23

This is true by definition, and can no more be helped by a change of institutional
organization than by a relabelling and expansion of an object domain that remains
homogeneous with what it is alleged to dislodge or denaturalize. Expanding the
realm of objects that belong to an old discipline or a new multidiscipline brings
with it the risk of losing in in-depth understanding what is gained in scope. As long
as the object is not created or reinvented, nothing much is changed. Barthes did
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have a point. The point I am trying to make is that ‘visual culture studies’, defined
in terms of kinds of objects, is subject to the same regime of truth (Foucault, 1977:
13) that it attempts to leave behind or, at least, challenge.

Each society, along with all of its institutions, has its regimes of truth, its discourses
that are accepted as rational, and its methods for ensuring that the production,
conception and maintenance of ‘truth’ is policed. This is a power game, part of the
will to power (Hooper-Greenhill, 2000: 50; Nietzsche, 1986: 213). The hasty
dismissal of methods allegedly belonging to disciplines alien to the visual is a move
in that game, and it undermines any claim to innovation that such moves may stake.

The attempt to define rather than create the object of visual culture studies has yet
another drawback. Since the object domain itself is limitless, the attempt to define
what the objects have in common can only invoke banality. Indeed, it can lead to a
kind of sentimentalism that embraces the least verifiable of concepts, those taken
out of their philosophical embedding and used, not as analytical tools but as
characterizing and essentializing labels. For defining an object domain as diffuse as
that of visual culture easily leads to definitions of what the visual objects allegedly
possess as their power. After endless enumerations of suitable objects, and
borrowing from art historian David Freedberg’s phrase ‘the power of images’,
Mirzoeff tries to define the object of visual culture studies ultimately as what they
all have in common, for which he conjures up ‘the sublime’ (1998: 9). An
experience frequently misused in aesthetic theory as a quality so that it can become
the province of ‘high art’, ‘the sublime’ has been shown to serve many purposes.
Defining visuality per se is not one of them. Instead, the sublime, when detached
from its context of subject-threatening experience, comes with the cliché that ‘a
picture is worth a thousand words’. This idea that visual things withstand language,
that visuality is ineffable, has been used as an excuse to spend lengthy, wordy but
unverifiable discourses on this unspeakable thing. I contend that the notion that
visual (art) is unspeakable harbours an anti-visualist sentiment. Talk of sublimity is
a resistance to take on the visuality that ought to be central in visual studies.

What kind of reasoning can lead to such blatant nonsense? Mirzoeff’s error is to
persist in defining. And where the diversity of the material objects defies definition,
he falls back on defining ‘the visual’. He fails to see that the visual is not anything –
not a sentimental ‘feeling’, surely not ‘sensual immediacy’ and certainly not the
sublime (Freedberg, 1989).24

This characterization is itself embedded in an aesthetic visual regime. It is part of
the 19th-century ideologies of positivism and romanticism, and their roots in the
use of visuality to reinforce power that used visual objects to speak ‘as if’
objectively. Any use of the concept of ‘the sublime’ that is neither specific nor
engaged with its historicality simply partakes of an outdated and sentimentalist
regime. In contrast, such visual regimes constitute not the self-evident frame but the
object to be analysed. Many analyses of comparable visual regimes are extant, and
can be rightfully claimed to be visual culture studies, whether their authors claim
allegiance to this movement or not. For example, anticipating what visual culture
studies ought to see as its primary object, Louis Marin (1981) analysed the strategic
use of the portrait of Louis XIV in 17th-century France, in a visual regime of
propaganda. Comparably, Richard Leppert’s (1996) analysis of paintings as if they
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were advertisements demonstrates that the object of visual culture studies is best not
defined in terms of things included (his objects are the traditional ones of art
history), but in terms of what they do.25

Among the art historians who early on proposed an approach to that discipline’s
objects in terms of approaches that, retrospectively, contributed to the creation of
the object of visual culture studies, is Norman Bryson. In his programmatic book
Vision and Painting (1983), he strongly argued that vision should be aligned with
interpretation rather than perception. This view merges images with textuality in
ways that require neither the presence of actual texts, nor unwarranted analogies
and conflations. Rather, looking, as an act, is already invested in what has since
been called reading. Of course, given the location of its organs in the body,
perception cannot be purified either; any attempt to separate perception and its
senses from sensuality is invested in preserving the tenacious ideology of the
mind–body split. Hence, it seems fair to say that all visual essentialism, including a
discipline or movement that calls itself visual culture, is at least in collusion with
that endeavour (Bryson, 1983).26

As Constance Classen has argued (1993), the place and conception of visuality is a
cultural, historical phenomenon whose transformations implicate sight itself within
the object of visual culture studies. The visual, as the superior, most reliable of the
five senses, is a cultural phenomenon worth critical analysis. Buddhism considers
the mind as a sixth sense. As a consequence, ideas are not intangible. The Hausa of
Nigeria recognize sight as one sense, all the rest as the other sense. Distance from
the body may well be the reason for this distinction (p. 2). The primacy of sight
emerged only after the invention of printing (p. 5), to become gendered,
specifically, masculinized (p. 9). Feminist criticism, especially film theory, has
amply examined the implications of this gendering. If the Hausa’s division into two
senses is any indication, this genderizing may well be a result of the distance from
the body that sight allows. In line with this, I speculate that visual essentialism – the
unexamined isolation of ‘the visual’ as an object of study – is connected to a
gendered body-phobia.

Is there, then, a less essentialist way to circumscribe the object domain of visual
culture studies? If there is, I would like to allege a recent collection of feminist
essays in visual culture studies as an example of how to attempt this. Claire
Pajaczkowska begins her introduction to the volume she co-edited (Carson and
Pajaczkowska, 2000) with the following remark:

All cultures have a visual aspect. For many people, the visual aspect of
culture – its imagery, signs, styles and pictorial symbols – is the most
powerful component of the complex and sophisticated systems of
communication that are a constitutive part of culture. The seen may be the
surface of an underlying and unseen system of meaning, such as the pictorial
aspects of writing; it may be a component part of scriptovisual signification;
or it may comprise both signifier and signified, as in iconic forms of
signification. (p. 1, emphasis added)

Although some of the terms used here beg the question of visuality – most crucially,
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‘iconic’ – this seems an adequate enough definition, with the added advantage that it
does not allow the kind of irrational resistance that defines visuality as sublime.
Instead, and importantly, the wording of the enumeration of possible objects
foregrounds the textuality of the visual.27

Pajaczkowska goes on to probe the implications of more simplistic conceptions of
visuality. The seen has a complex relation to the unseen. The seen is considered as
evidence, as truth and fact, in the same way as sight establishes a particular subject-
relation to reality in which the visual aspect of an object is considered to be a
property of the object itself. This differentiates vision from other sense data, such as
the tactile and acoustic, which are associated with the subjective relation between
subject and object. The distinction is not based on properties of the object but on the
relationship between object and body. This quality, of offering apparent autonomy
of distance and ‘separateness’ to the spectator, is an important feature of vision and,
by extension, of visual culture, and it has contributed to the evolution of a structure
of subjectivity, with specific consequences for the cultural representation of sexual
difference.

Pajaczkowska’s commentary has the advantage of doing several things at once. It
describes standard views of visuality, while, in the same move, analysing these
critically. The author claims that the specificity of visuality is apparent, not real.
Thus, she puts forward part of what visual culture studies must take as its primary
object: the illusion. She then proceeds to distinguish visuality from textuality, or
imagery from language, a differentiation that only enhances the analogy between
the two semiotic systems. Although much is understood about the structure of
language, its biological bases and social effects, the history and politics of literacy,
education and social privilege, much less is known about the communicative nature
and internal structure of imagery (p. 1).

Nor, I would add, do we know much about the history and politics of ‘visual
literacy’.28 This is the right analogy, not between essences, but between situations in
the field of power/knowledge. Hence, of what needs to be studied specifically,
visuality is precisely that which makes vision much like language. This is
necessary, not to reduce the former to the latter, as visual essentialists fear, but, on
the contrary, to make its specifics stand out on the same terms, so that the two can
be productively compared and responsible methodological exchanges can lead to
true interdisciplinarity.

As Pajaczkowska’s introductory remarks intimate, visuality as an object of study
requires that we focus on the relationship between the seen and the seer. The current
renewal of interest in the work of Merleau-Ponty and his visually oriented branch of
phenomenology is understandable in this perspective. According to this philosopher
(1964: 16), the perceived thing is paradoxical: it exists only in so far as someone
can perceive it (see also Slatman, 2001). But of this relationship, Pajaczkowska
claims primacy for the seer, to compensate for art-historical privileging of the
object (as not even seen!).

Hooper-Greenhill (2000) foregrounds the museum’s contribution to this de-
naturalizing of the visible object. Ideally, its variable set-up and visible curatorial
acts problematize the acts of looking and disturb the conventional notion of the
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transparency of the visible. This potential makes museums a privileged object for
analysis in visual culture studies. Museums must act not as the custodian of the
objects, which is how they usually see their mission. Instead, they must be re-
framed by the notion that objects can also ‘care for us’ (p. 52).29 If art history were
able to align itself with both this view and subsequent museal practice, it would
fulfill a function that we would only notice if we took the object out of the subject-
object dichotomy (p. 213).30 This puts another gloss on attempts to define visual
culture studies through a definition of its object domain.31

The most obvious and relevant factor of visual ‘impurity’ is the assumption that
objects mean different things in different discursive settings, a staple in art-
historical thought, yet not taken to its radical consequences because of the search
for beginnings and origins that plagues that discipline. Yet objects possess a certain
resilience to projected meanings (Davis, 1997). Visual culture studies must examine
both this selective resilience and the meanings it protects and perpetuates, and put
such an analysis to the advantage of repressed meanings.32 Here, some specificity
for material objects must be retained, even if the rhetoric of materiality must be
shed. Objects are sites at which discursive formation intersects with material
properties (Crary, 1990: 31). The materiality of objects has a certain influence on
meaning: they ‘constrain the meaning that it is possible to construct’, even if this
does not guarantee that a ‘right’ meaning can be found. Hooper-Greenhill continues: 

... if the meaning so constructed is a secondary or later meaning earlier
meanings still remain as traces ... Earlier meanings or events may even be
marked on the object itself in the form of erosions, surface patina, or evidence
of damage. Earlier meanings may, therefore, still be dug up, evoked, made
visible. (2000: 50)

An obvious case of meaning’s fugitivity and resilience combined, well known to art
historians, is the knocking off of heads in iconoclasm. But what you make visible,
then, is the iconoclasm (see Gamboni, 1997) – important enough as an issue of
visual culture – not the lost head. You can only retrieve the oppositional meaning,
and thereby, indirectly, the meaning underlying the object damaged: the
individualized (?) portrait. Older meanings can overrule yet older ones. But a
privileging of materiality undermines what can be learned from it. Changes leave
scars, legible as inscriptions of the way social relationships and dominations
establish marks of their power and engrave memories on things (Foucault, 1977:
160).

In this respect, it is equally impossible to firmly distinguish the objects of art history
and visual culture, and philosophy and literature. The objects of art history, for
example, are replete with such scars. And typically, many contemporary artists
demonstrate a fascination with these. They probe, analyse, and endorse the scars of
change, instead of nostalgically searching for the object as it ‘originally’ was.
Again, artists help us think. Louise Bourgeois’ Spider installation (1997, reproduced
in Bal, 2001: 80–5), part of her Cell genre series, contains fragments of tapestry that
she took from her parents’ tapestry restoration workshop. In one such fragment,
representing a putto, the figure’s genitals had been cut out by an overzealous mother
eager to spare the delicacies of her clients. This castrated putto is a scar of a
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multilayered past, of which the fragmented state of the entire piece of tapestry is the
overwhelming metaphor. Between the antiquity imitated, the 18th-century culture
beckoning that past, the early 20th-century French bourgeois culture recycling these
material remnants but cutting out what disturbs the period’s sensibilities, and the
late 20th-century artist infusing the fabric with her personal memories – the
metonyms of her current subjectivity – this absence, the hole itself, qua non-object
or has-been-object is a prime object of visual culture analysis. Although Bourgeois’
installation belongs to the category of ‘art’ and hence, is subject to art-historical
reflection, this discipline would, I presume, have little use for the hole qua scar.

This fascination with, and reflection on, time, and the ensuing fragility and lack of
durable stability puts a gloss on the materiality of visual objects. This hole is both
material and void; it is visible and visually engaging, yet there is nothing at all to be
seen. Every act of looking fills in the hole. Thus it seems a nice metaphor, or
allegory, for visuality: impure, (im)material, eventful. Norwegian artist Jeannette
Christensen’s play with decay, with the longer duration of ideas over matter, makes
another point about the fugitive nature of visuality. Here, the temporality is
paradoxical: while the sculpture rots and disappears in a few weeks’ time, the act of
viewing captures that temporality midway. Always more fugitive than the sculpture,
the instant of looking is also more durable in its effect. Belgian artist Ann Veronica
Janssens’ interventions form a good counterpoint to Christensen’s paradox. They
appear to be doing the opposite: exploring the materiality of the non-material, such
as light. Again, it is the temporality of matter that is the object of visual reflection.33

The works of these artists, all of which are socially embedded in the art world and
the subject of art-historical study, exceed that discipline’s hold, to the extent that
they are deeply engaged with visually ‘thinking through’ the implications of the
conception of history as the search for origin, which is standard in art-historical
practice. Their attempts to complicate temporality critique such standard notions.
They challenge, for example, that the provenance of an object determines its
meaning. For such a notion leads to an unanalysed inventorization that naturalizes
processes of collecting, ownership, and museums acquisition and documentation, as
well as historically specific and politically problematic conceptions of artistic
‘mastery’.34 Chronology is itself Eurocentric. According to Hooper-Greenhill
(2000: 164, n47), the imposition of European chronologies can be seen as one of the
techniques of colonization.

As a result of the dogma of chronology as the structure of origin, Hooper-Greenhill
claims, myths are recycled uncritically, unknown histories remain ignored, and
‘common sense’, which supports rather than subverts the present state of things, is
generally accepted rather than interrogated (p. 50). This analysis of the process and
critique of its terms is an important object of visual culture studies. It questions the
idea of purity, authenticity and originality. And that questioning, in turn, further
undermines the centrality of the artifact as the object of visual culture studies.

The death of ‘culture’

If visuality is no longer a quality or feature of things, nor just a physiological
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phenomenon (what the eye can perceive), then it entails questioning modes of
looking and the privileging of looking itself, as well as the idea that looking is based
on one sense only (vision is not visual perception). No ‘sensual immediacy’, not a
‘feeling’ that is by definition ‘sublime’, which is then defined as ‘pleasurable’ and
‘representation’, can be meaningfully assumed (Mirzoeff, 1998: 9). These are all the
traditional art historian’s cliché terms that visual culture must question. To the
extent that visual culture studies derives its profile, goals and methods through a
separation from that discipline, it cannot afford to reiterate such clichés.

A similar fate awaits the notion of ‘culture’. It has had it coming for a long time.
Confronted with visuality’s many tentacles, culture is no longer locally specific, as
in ethnography; nor universal, as in philosophy; global, as in economically driven
recent clichés; or a judgment of value, as in art history. Instead, culture must be
situated, polemically, between global and local, retaining the specificity of each, as
between ‘art’ and ‘everyday’, but using that specificity in order to examine the
‘patterns determining the aetiology of cultural misunderstanding’ (Carson and
Pajaczkowska, 2000: 3). Pajaczkowska gives a relevant example of this a propos of
binary opposition as a structuring principle. Within binary thinking, there is a
disturbing contradiction between the analogical reality described by science and the
reality of the digital coding of human experience into language. As a consequence,
the monological belief that language denotes reality is a contradiction that requires
mediating categories that ‘include concepts such as the religious concept of an
“afterlife,” or the superstitious concepts of the “undead” or ghosts’. 

As mediating categories embody the evidence of the arbitrariness of the logic
of binarism, they are particularly anxiogenic and the concepts they contain
tend to be either idealised or denigrated, for example the afterlife is
traditionally considered divine and ghosts absurd. (Carson and Pajaczkowska,
2000: 6–7)

The author continues with a more widely acknowledged consequence, but the
connection is pertinent. The primary contradiction between concepts of ‘nature’ and
‘culture’, she claims, creates a mediating category in which the concept of sexuality
is found. As a result – and this is the rationale for the book – feminism becomes a
logical necessity in any theory of culture, including – and in many ways, especially
– in a theory of visual culture. Since objects are no longer autonomous artifacts,
able to ‘communicate perfectly by being what they are’, they are studied as a
practice in which both terms question and undermine each other’s common sense
and monodisciplinary meanings (Hodge and D’Sousa, 1999).

The concept of culture has a long and rather well-rehearsed history that no
academic study of anything cultural can ignore, or derive its program from. Usually,
two clusters of usages of the term are distinguished. One is ‘the best of what a
society produces’. This meaning serves the elitism cultivated by social institutions.
The other points to ways of life, patterned events such as rituals, but also much less
marked ones such as belief systems and the behaviour derived from them
(McGuigan, 1996: 5–6). In a more sophisticated analysis, Raymond Williams
(1976) distinguishes four uses. The first denotes a general process of intellectual,
spiritual and aesthetic development. The second, more specifically, indicates the
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works and practices of intellectual and especially artistic activity. If the first
encourages an elitist view, the second is reformist. Here, the attempt to make
culture inclusively available maintains the elitist distinction as the desired object of
democratization. The third, much more anthropological and ethnographic, points to
a particular way of life of a people, period, or group. Culture in this sense unites
people – but to the exclusion of others – on the basis of a homogeneous self-image.
The fourth and last distinguishes the notion of culture as the signifying system
through which necessarily (although not exclusively) a social order is
communicated, reproduced, experienced and explored (pp. 76–82).

Williams’ useful analysis begs the question of definition and its drawbacks. In other
words, his four usages remain ambiguously hovering between what a culture is and
what it does – or what a concept of culture does.35 Hooper-Greenhill sums this
activity up as a training in discrimination and appreciation (2000: 10). In a similar
context, in his indictment of political abuse of the idea of culture, Tony Bennett
(1998) notes that the reformist role of culture has been seen as a tool for changing
the gross and sensual into something more refined. In my view, that’s not
necessarily the only form such training can take; it can also be the cultivation of
overcoming the mind–body split and other cultural ‘misunderstandings’ rooted in
binary thought. Culture is not, or not just, religion. Nor does it have to be part of the
elitist endeavour only.

If, in contrast, the mission of cultural analysis, including its visual variant, is to
examine how power is inscribed differently in and between ‘zones of culture’, none
of Williams’ definitions of culture is adequate. Neither the universalizing but elitist
nor the specifying and homogenizing concepts enable us to examine the
heterogeneous borders where different practices, languages, imaginaries and
visualities, experiences and voices intermingle amid diverse relations of power and
privilege.36 It is in the constantly shifting key zones of that intermingling that power
and values frame the performances that are possible.

But ‘intermingling’ easily sounds a bit too happy. Who has access to the defining
processes that set the codes and (re)establish the structures? It is that access, not the
content of what is achieved, that must be democratically distributed. Culture can
transmit dominant values, but it can also be seen as a site of resistance where
dominant shared codes may be disrupted or displaced, and where alternative shared
codes can be produced. Cultural theory here joins forces with philosophy, where,
for example, Judith Butler has contributed influential suggestions to account for
both the resilience of meaning and the possibility for change. Her performative
outlook includes and foregrounds, but does not – indeed, cannot – privilege or
isolate visuality (Butler 1993, 1997; Jordan and Weedon, 1995: 18).

In spite of the recurrence of such privileging as a staple of visual culture studies, a
performative conception of culture is inconsistent with that essentialism. As with
the object, the problem seems inherent in the attempt to define what (a) culture is.
Between the universalizing singular and the homogenizing plural use of the noun,
‘culture’ falls to its death.

Instead, perhaps we would be better off with a qualifier that deictically points to an
undefinable-because-‘live’ domain. Then, we could speak of ‘cultural’ and refer to,
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in Fabian’s words, ‘what people come up with when they succeed in meeting the
demands of multiple, different practices’ (2001: 98). This would not marginalize the
practices that question and contest, resist and alter what, just a moment before a
particular performance, still passed as a ‘normal’ element of ‘the culture’.
‘Negotiation’, Fabian continues, ‘is then the alternative to submission (or
enculturation, or internalization, etc.). Hybridity rather than purity is the normal
outcome of such negotiations ...’ (p. 98).

The need to probe the interstices where power is implemented also holds for the
concept of culture itself, if we are to undermine the territorialism often practiced by
the academic users of it. See, for example, the passions, the trashing and the
bluffing that go on at conferences and in print. But ‘culture’, like visuality, cannot
be pinned down by definitions, however differentiated and subtly intertwined.
Instead, it can be mobilized within a number of different discourses, ‘sets of words,
things, practices, beliefs and values that provide contexts of use for the construction
of meaning’ (Barrett, 1991: 123–9). Hence, understanding ‘culture’ requires
understanding the discourse within which the word or its derivatives, synonyms, or
affiliates are used. In this view, isolating visuality according to the objects that are
visual itself partakes of a strategy of domination. This is where the need for a
genuine interdisciplinarity comes in, not as a collection of disciplines but as
discursive contexts within which ‘culture’ is invoked in relation to other issues
typical of that discourse. Like visuality, then, ‘culture’ is thus defined negatively,
not by properties (O’Sullivan et al., 1994: 68–9).37

Visual culture

Any attempt to articulate goals and methods for visual culture studies must
seriously engage both terms in their negativity: ‘visual’ as ‘impure’ – synaesthetic,
discursive and pragmatic; and ‘culture’ as shifting, differential, located between
‘zones of culture’ and performed in practices of power and resistance. More
succinctly, the negativities of our two key terms can be articulated as tensions, and
tensions, while not allowing clear-cut distinctions, help specify domains even if
none can be delimited:

Visual culture works towards a social theory of visuality, focusing on
questions of what is made visible, who sees what, how seeing, knowing and
power are interrelated. It examines the act of seeing as a product of the
tensions between external images or objects, and internal thought processes.
(Hooper-Greenhill, 2000: 14, based on Burnett, 1995; emphasis added)

That such a view has no patience with the adoption of any defining feature (the
sublime) or any distinction between high and mass culture (Jenks, 1995: 16) goes
without saying. Instead, that distinction must be examined and rejected as political.
Yet simply ignoring, denying, or wishing it away is also ignoring an important tool
of the technology of power implicated in Williams’ fourth usage of the term
‘culture’. Rather, then, both ‘high art’ – the notion and the products it defines – and the
distinction that grounds it are among the primary objects of visual culture studies.
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This is why I am reluctant to declare visual culture a branch of cultural studies. But
there are more reasons for this reluctance than just the latter’s contempt for and
disengagement from art. As I argue in a recent study (Bal, 2002) that I presented as
programmatic for cultural analysis, cultural studies has a number of problems that a
later movement with the benefit of hindsight can avoid. True, in the wake of
women’s studies, cultural studies has, in my view, been responsible for the
absolutely indispensable opening up of the disciplinary structure of the humanities.
By challenging methodological dogma, and elitist prejudice and value judgment, it
has been uniquely instrumental in at least making the academic community aware
of the conservative nature of its endeavours, if not everywhere forcing it to change.
Inevitably, this new interdiscipline has suffered from the unforeseeable difficulties
and hardships that every pioneering activity encounters. In defying disciplinary
boundaries, it has had to contend with three problems, all of which jeopardize its
ongoing intellectual vigour today. Visual culture studies, coming after cultural
studies, cannot endorse its predecessor without questioning these questions.

First, perhaps because one of cultural studies’ major innovations has been to pay
attention to a different kind of object, as a new field averse to traditional approaches
it has not been successful (enough) in developing a methodology to counter the
exclusionary methods of the separate disciplines. More often than not, the methods
have not changed. While the object – what you study – has changed, the method –
how you do it – has not. But without the admittedly rigid methodologies of the
disciplines, how do you keep analysis from floundering into sheer partisanship, or
from being perceived as floundering? This is the major problem of content and
practice that faces us today, and that visual culture studies cannot afford to gloss
over.

Second, cultural studies has involuntarily ‘helped’ its opponents to deepen rather
than overcome the destructive divide between les anciens and les modernes, a
binary structure as old as Western culture itself. This is unfortunate, for this
opposition tends to feed an oedipally-based psychosocial mechanism that is
unhelpful when it comes to changing predominant power structures. The problem is
primarily a social one, but in the current situation, where academic jobs are scarce
and hierarchies returning, it entails a tendency to a monolithic appointments policy,
which, under the name of backlash, threatens everything that has been
accomplished. In the current climate, isolating visual culture studies through
sarcastic rejections of art history – its unacknowledged breeding ground – and
textual analysis – the opponent of old – is less than helpful. A recognizably
responsible practice based on a reflection on the problem of method may help to
pave the way for a more nuanced academic environment. Where there is no
methodology, there can be no persuasive analysis.38

Moreover, the question of methodology touches, but does not overlap with, the
question of politics. In this regard, Hooper-Greenhill notes: ‘Cultural studies have
shown an interest in cultural politics, from a theoretical perspective, but much less a
willingness to engage in a politics of culture, including policy formation and
analysis’ (2000: 164, n63). In order to make a difference in the world studied, a
political tone is less instrumental than analyses that expose politics within the
object. Concretely, analyses of museum displays from the vantage point of visual
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culture studies can lead to changes, whereas critical analyses of either canonical
paintings or advertisements cannot. In other words, knowledge does not
automatically make a difference. Indeed, an overdose of realism – ‘studying things
as they are’ – may come close to embracing what needs unpacking.

But because seeing is an act of interpreting, interpretation can influence ways of
seeing, hence, of imagining possibilities of change. One way of a potentially
intervening act of visual culture studies is suggested by Homi Bhabha when he
proposes to analyse what he calls ‘seriating’ (1994: 22). Objects brought together in
specific ways thus make new series, and this facilitates their making and reiterating
statements. A critical analysis of specific series and the grounds that bring the
objects together can open up and denaturalize age-old associations, such as the one
between the values of transparent realism and individualist elitism as reflected in
the phrase ‘authentic likenesses of celebrated individuals’ in a description of the
National Portrait Gallery (Hooper-Greenhill, 2000: 29). 

But not only the series themselves are subject to analysis. Seriating is a spin-off
from ostensibly objective technologies for observation and classification in the
same way as the typically modern phenomena of census, map and museum also act
as technologies for value and power. These phenomena are objects par excellence of
visual culture studies, but only on the condition that their grounding in modernity,
their basis in positivism, and their history of discovery, order and ownership are
also taken into consideration. Only then can analyses be both convincing and
suggestive of alternative orderings (Anderson, 1991: 163). 

Like museums, maps serve interests that are noticeable in the language we use. To
be ‘off the map’ is to be of no significance, obsolete or unknown; to be ‘on the map’
is to be acknowledged, given a position, accorded an existence or importance (King,
1996, quoted in Hooper-Greenhill, 2000: 17).These expressions nicely demonstrate
why we need to consider verbal imagery as part of visual culture studies. This talk
of maps as expressive of conquest and social hierarchy is bound to the Anglo-Saxon
part of the world. Hence, it is a (verbal) interpretation of the use of maps – revealing
(even potentially critical), but once endorsed, colluding. This makes studies of the
metaphors we use in naturalized form – as if they were ordinary words and phrases
– an indispensable part of visual culture studies.39

The objectives of visual culture studies

These reflections on the object of visual culture studies have carved out the most
urgent tasks for this movement, whether it develops into a discipline or an
interdisciplinary collaboration between disciplines. In this sense, the conflation
between object and goal that resides in the word ‘objective’ is a timely reminder of
the need, ultimately, to justify a movement such as this through its accomplishments
in performing its tasks. Rather than describing concrete artifacts and their
provenance, as art history would do, or describing whole cultures, as anthropology
would, visual culture studies must critically analyse the junctures and articulations
of visual culture and undermine their naturalized persistence.40 It must focus on the
sites where the objects of a – often primarily but never exclusively – visual nature
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intersect with the processes and practices that streamline a given culture. This
immense task can only be hinted at.

First, with a perspective that stands at a distance from art history and its methods,
visual culture studies should take as its primary objects of critical analysis the
master narratives that are presented as natural, universal, true and inevitable, and
dislodge them so that alternative narratives can become visible. It should explore
and explain the bond between visual culture and nationalism, as evidenced in
museums, schools and the histories presented there, and the participating discourses
of imperialism and racism (Hobsbawm, 1990). It should analyse the bond between
classism and the elitist element in visual culture’s educational thrust, including the
tasks traditionally assigned to the museum. It should also understand some of the
motivations of the prioritization of history in what I have elsewhere called
‘anteriority narratives’ (Bal, 2001). The picturing of the power-relations of the
present under the rubric of ‘the history of the nation’ can be understood as one of
the strategies of disciplining performed by museums. Thus they enmesh their
visitors in systems of visibility and normalization (see also Hooper-Greenhill,
1989).

Another important task of visual culture studies is to understand some of the
motivations of the prioritization of realism. The goal of the promotion of realism is
to stimulate mimetic behaviour. The dominant classes set themselves and their
heroes up as examples to recognize and follow, and it is barely an exaggeration to
say that this interest is visible in the cult of portraiture.41 This shows the real
political interests underlying the preference for realism. It promotes transparency:
the artistic quality mattered less than the faithful representation of the achiever. The
authenticity required has an additional investment in indexicality. Barlow (1994:
518) speaks of ‘incarnate heroes’, a phrase that brings to mind, once again, Louis
Marin’s (1981) analysis of the portrait of the king.

The third, and perhaps most important, task of visual culture studies – the one
where the previous ones join – is to understand some of the motivations of visual
essentialism, which promotes the look of the knower (Foucault) while keeping it
invisible. I can think of three reasons why this task is urgent. The first is because the
impervious ‘objects first’ that art history and elements in visual culture studies share
distracts from the primacy of understanding; but understanding comes first,
followed by the perception it guides. In this view, the relationship between
individual looking and interpretive communities changes. The second is because of
the gendering of vision mentioned earlier, which results from the primacy assigned
to looking. And the third is because of the compelling need to expose the operations
of the rhetoric of materiality.

Many subsequent tasks can be derived from this major one of probing visual
essentialism. There remains, for example, a need for critical analyses of the use of
visual culture for the reinforcement of gender and racial stereotypes. The
interconnections between private and public – and the interests served by
maintaining the dichotomy between these – in the hierarchically and temporally
ordered practices of privileging call for a hermeneutics of suspicion towards the
remnants of positivism in a visual culture obsessed with visual essentialism. Think
of the privileging, for example, of public art, art history, the art market,
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connoisseurship (expertise, material ownership, aesthetic conceptions, style) and of
the Eurocentric universalism promoted by these gentlemanly practices. This has led
to neglecting private meanings and uses in memories, family histories and the
visual tools in place there. The usages of objects change meaning as the
environment changes; for example, objects from ‘home’ become more strongly
important for people in diaspora as a means of enabling cultural memory (Bhabha,
1994: 7). Similarly, the function of visual characteristics in relation to social
processes – scale, for instance – can be the purveyor of a specific relationship to the
body, as in Jenny Saville’s paintings. It can instill emotional comfort or distancing,
confinement, intimacy, or threat, but also, as a cognitive mode of understanding,
even a ‘scientific’ method for grasping the complexities of the world (baroque).42

Finally, the interdiscursive and intertextual relationships between objects, series,
tacit knowledges, texts, discourses and the different participating senses require
analysis.

The question of method

If the tasks of visual culture studies must be derived from its object, then, in a
similar way, the methods most suitable for performing those tasks must be derived
from those same tasks, and the derivation made explicit. I realize this is the most
vulnerable element of my argument. Many academics opine that methodology
comes first, and that any choice of method derived from the objectives threatens to
become circular. Methods must be independent of the objects and goals, as a
safeguard against projection and wish fulfilment. As a general principle this is
undeniable. Yet the opposite is also true. First, the stultifying effect of pre-
established methodology hardly needs demonstration. Second, the methodologies
predominant in established disciplines have also been derived from the object(ive),
albeit in a past no longer remembered. Third, as an instrument of the operation of
power/knowledge, methods are never beyond suspicion of collusion with the
politics that sustained their establishment. And fourth, precisely because cultural
studies has had difficulty coming up with suitable methods that do not presuppose
partisanship, methodological reflection cannot be avoided at this time.

In view of this dilemma, let me sketch just a few methodological principles from
which actual operating methods might reasonably be derived. A first consideration
concerns the relationship to concrete objects. In the light of the earlier discussion,
this relationship is bound to be problematic. In my view, the key activity that must
break through both the problematic legacy of art history and the generalizing
tendencies of visual culture studies enthusiasts is analysis. Jenks proposed a
considered relation between the analytic and the concrete: a methodic application of
theory to empirical aspects of culture (1995: 16). This raises the problem of
‘application’.

Jenks’ phrasing implies a separation of theory from empirical reality and an
instrumentalist conception of theory. The paradox of such a conception is that,
under the guise of putting the theory at the service of the object, it tends to promote
the subordination of the object as instance, illustration, or case of the theoretical
point of departure. As Fabian (1990) has argued, the so-called empirical object does
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not exist ‘out there’ but is brought into existence in the encounter between object
and analyst, mediated by the theoretical baggage each brings to that encounter. This
transforms the analysis from an instrumentalist ‘application’ into a performative
interaction between object (including those of its aspects that remained invisible
before the encounter), theory and analyst. In this view, processes of interpretation
are part of the object and are, in turn, questioned on the side of the analyst.

As an anthropologist, Fabian is describing encounters with people. Yet the primary
example in his (1990) book is, at first, a saying, a proverb of highly imaginative and
even visual qualities (‘power is eaten whole’). The question posed by this object –
what does it mean? – did not reveal an answer inherent in it. Instead, the cultural
group and the anthropologist together worked the meaning out in a theatrical
performance that would most certainly be a second, further developed object.43

Objects are active participants in the performance of analysis in that they enable
reflection and speculation, and they can contradict projections and wrong-headed
interpretations (if the analyst lets them!) and thus constitute a theoretical object with
philosophical relevance.

A second, related consideration qualifies the nature of interpretive practices. In a
visual culture studies that endorses – as I think it must – the critical task of the
movement, such practices are also both method and object of questioning. This
element of self-reflection is indispensable, although it is always at risk of self-
indulgence and narcissism. Moreover, the hermeneutics of the visual (Heywood and
Sandywell, 1999) modifies the hermeneutical circle. Traditionally, that circle of
whole-detail-whole takes the autonomy and wholeness of the object as a given. This
autonomist assumption is no longer acceptable, especially in light of the social
intricacies of the ‘life’ of objects. Instead, visual culture studies considers the object
as a detail in itself, of a whole that is, by definition, only provisionally and
strategically delimited. For example, an object can be a detail of either the whole set
or series (in Bhabha’s critical sense of seriating) or of the social world in which it
functions. Finally, interpretive practices in visual culture studies endorse the notion
that meaning is dialogic. It comes about through rather than existing prior to the
interpretation. Meaning is a dialogue between viewer and object as well as between
viewers. This situation is further complicated by the fact that the concept of
meaning itself is also dialogic, since it is differently conceived according to regimes
of rationality and semiotic styles.

A third principle of method is the continuity between analysis and pedagogy that
results from the performative view of the former. Any activity in visual culture
studies is simultaneously a moment of visual literacy education, a training in
receptiveness to the object without positivistic veneration for its inherent ‘truth’.
Human desire for meaning works on the basis of pattern recognition, so that
learning happens when new information can be made to fit into the already known
patterns (Sotto, 1994, cited by Hooper-Greenhill, 2000: 117). Because new
information is always processed on the basis of frames or structures in which it can
fit, no perception is possible without memory (Davey, 1999: 12). This does not
mean that information is entirely streamlined, for a complete overlap between the
known and the offered information precludes learning altogether. A kind of
‘insubordination’ to pre-established schemata is also an important element in
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learning (Bruner, 1992: ch. 3). Moreover, visual culture studies should be especially
attentive to the multi-sensory aspect of learning, its active nature and its inextricable
mixture of affective, bodily and cognitive components. ‘Objects are interpreted
through a “reading” using the gaze which is combined with a broader sensory
experience involving tacit knowledge and embodied responses. Both cognitive and
emotive responses may result, some of which may remain unspoken’, writes
Hooper-Greenhill (2000: 119).44

A fourth methodological principle is the historical-analytical examination of visual-
cultural regimes such as embodied by the key institutions and their still-operating
features. This form of historical analysis does not reify one historical state in the
past but looks at the present situation as a starting point and searchlight. The
modernist museum, still predominant, is a paradigmatic object for such analyses. Its
encyclopedic ambition, taxonomic organization, transparency rhetoric and
nationalistic premises have been reiterated to the point of being almost completely
naturalized. A historical analysis of the kind I have in mind does not stop at
describing these principles. It will first of all show their remnants in contemporary
culture, the hybrid forms these take, and analyse the implications of how
postmodern museums try to transform the modernist museum.

This last example and all my earlier ones have been drawn either from art or
established institutions. I did this intentionally in order to drive the point home that
visual culture studies is not primarily distinguished through its choice of objects – I
am tired of the fetishistic fixation with the internet and advertising as exemplary
objects. But the implication of these four methodological principles together should
be clear. Neither the boundary between ‘high’ and ‘popular’ culture can be
maintained, nor that between visual production and its study. If the object co-
performs the analysis, as I have argued it does, then creating and policing
boundaries of any sort seems the most futile of all futilities that academic work can
engage in. But one mistake must be avoided at all costs: to think, as cultural studies
has done before us, that neglecting ‘high art’ can make the social distinction that
generated the category disappear. Instead, it is visual essentialism and all it entails
that must be, actively, disappeared.

Notes

1. One of the symptomatic textbooks begins with the nonsensical sentence ‘Modern life
takes place onscreen’ (Mirzoeff, 1999: 1).

2. Others (e.g. Fabian, 2001: 17) refer to this tendency as ‘visualism’, a concept that also
means a visual positivism. Characteristic of the kind of ‘visual culture’ discourse I wish
to take a distance from is the tendency to lament the linguistic imperialism that has
allegedly reigned for so long. The kind of visual culture trend that I wish to disqualify as
anti-historical and anti-intellectual takes place in amnesia and ignorance as well as in
conspiracy theory. The same textbook also states: ‘Semiotics ... is a system devised by
linguists to analyse the spoken and written word’ (p. 13).

3. I do not mean this in an anecdotal sense. I will not elaborate on the degree to which
‘visual culture’ is the response of disgruntled art historians unsettled by the ‘invasion’ of
scholars from other disciplines since what Mitchell termed ‘the visual turn’ (1994:
11–34). As a consequence of this provenance, far from being such an innovation, visual
‘culture’ skirts the tendency to reaffirm the boundaries between disciplines. Suffice it to
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say that this is, in my opinion, the case for some, including some leading writers, whose
voices are the loudest in claiming novelty. Irritating as the boundary-policing may be,
the issues I wish to discuss are of academic relevance for the fruitful pursuit of visual
culture studies.

4. This article was originally conceived as a review essay, with one book as my primary
case (Hooper-Greenhill, 2000). This publication revived my excitement after others had
almost made me turn away from visual culture studies, an ambivalence that is doubtless
noticeable in what follows. But then, perhaps ambivalence is the best remedy against the
kind of uncritical partisanship that widens the divide first established by October with
its questionnaire (1996). An ambivalence similar to mine can be noticed in Mitchell’s
recent contribution to this journal (2002).

5. The creation of this new object is later addressed at length. That this object ‘belongs 
to no one’ is as obvious in theory as, it turns out, it is hard to endorse in practice. 
Turf-policing goes on in interdisciplinary areas as much as it does in strictly 
identified disciplines. For Barthes’ ideas on (inter)disciplinarity, see Barthes (1984: 71).
See Newell (1998) for a collection of widely different views on the issue of
interdisciplinarity.

6. An example of the former would be ‘foreign languages and literatures’, a mostly
administrative unit. ‘Semiotics’ would be an example of the latter: a body of theory that
can be brought to bear on the objects of a great number of disciplines. Transdisciplinarity
is mostly claimed for projects, such as thematic analyses (e.g. the representation of crowds
through the ages). For issues of inter-, multi- and transdisciplinarity, see Bal (1988).

7. One of the introductory books that I have examined begins with a review of the two key
concepts in the negative mode. Although this book is a little too close to art history for
comfort, it is one of the best of its kind precisely because it refrains from positive
definitions (Walker and Chaplin, 1997).

8. For a good example of the kind of analysis that ensues from this definition of the object
of visual culture studies, see Appadurai and Breckenridge (1992). In this paper, the
authors consider museums as interpretive communities.

9. Calkins (1980), quoted in Hooper-Greenhill (2000: 105).
10. On the history of the concept of ideology, see Vadée (1973); on textual manifestations

and their analysis, Hamon (1984).
11. The concept of the effect of the real is so frequently used that it has lost all specificity.

For the purpose of recycling it within visual culture studies, I recommend a return to
Barthes’ initial formulations (1968).

12. Davey (1999), rendered in Hooper-Greenhill (2000: 115). For our discussion, this
rhetoric also beckons anthropology in, as well it should. Fabian (1996) has
demonstrated what an anthropologically-based visual culture studies looks like. See also
his critical glosses to contemporary academic trends (2001, esp. part I), many of which
can benefit visual culture studies quite substantially.

13. The most succinct yet comprehensive argument for the use of the concept of framing in
cultural analysis remains Jonathan Culler’s ‘Author’s Preface’ to his volume Framing
the Sign (1988).

14. A concise exposition of the kindred but more limited phrase ‘scopic regimes’ can be
found in Jay (1988).

15. Hence the intellectual (in addition to moral) deficiency of phrases such as the one
against Jameson, who is accused of racism and colonialism because of his ‘colonial
need to master the visual by writing’ (Mirzoeff, 1998: 11). If such irrational sneers give
visual culture a bad name, ‘it’ – a movement that endorses such writings as textbooks
and their authors as leaders – deserves it.

16. In addition to the synaesthetic quality of visuality itself, which remains a matter of sense
perception, I also wish to foreground here the intellectual tenor of visuality, briefly
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phrased as ‘art thinks’. This view is the starting point of all the work of philosopher and
art historian Hubert Damisch (e.g. 1994; 2002). The simple notion that ‘art thinks’ has
far-reaching consequences for the way it can be analysed, consequences highly relevant
for the methodology-in-the-making of visual culture studies. See Van Alphen (in press),
a book that opens with an explanation of Damisch’s ideas. Fabian (2001: 96) makes this
point for popular culture. See also Rodowick (2001: 24).

17. For example, Background (1991–1994), Lapsus Exposure (1992–1994), INITIALS
(1993–1994) and Photograph (1998–1999), to name only the works brilliantly analysed
by Kaja Silverman in Coleman (2002). Silverman does not mention visual culture in
these four essays, but I contend that they are perfect examples of an ideal visual culture
analysis, because of their close attention to the visuality, including its synaesthetic
qualities, and because of the social-philosophical perspective on visuality that she brings
to bear on the works. But, importantly, this can also be reversed: Silverman provides a
reading of what Coleman’s works propose as a social philosophy of culture. That
philosophy is based in visuality.

18. ‘Screen culture’ is not a synonym of ‘visual culture’, nor is print culture textual (contra
Mirzoeff, 1998: 3). The profound confusion between medium, semiotic system and
mode in this textbook is disturbing.

19. An instructive example is Mirzoeff’s platitude in his introductory text on semiotics,
which he erroneously defines as ‘linguistic methodology’, and therefore, by definition,
visually unconvincing (1999: 15). Such uninformed remarks pass easily because they
appear to defend the visuality that remains both central and unexamined. In contrast,
none of this implicit binarism between visual and textual media appears in Sturken and
Cartwright’s equally elementary but much more useful – systematic and specific –
introduction (2001). Another excellent alternative introductory book is Walker and
Chaplin (1997).

20. See Van Alphen’s (2002) theorization of the image through texts by Charlotte Delbo,
mentioned earlier. A somewhat less exclusive, albeit notoriously relevant, case is
Proust’s ‘visual poetics’ (Bal, 1997).

21. For a brilliant commentary of the Foucaultian notion of power/knowledge, see Spivak
(1993).

22. Johannes Fabian (1990) made a strong case for the performative conception of
knowledge implied in this view.

23. This selectivity constitutes the basis of art history and the roots of visual culture therein.
Therefore, visual culture studies needs to distinguish itself from that discipline. This is
also the reason why a collection of things, however encompassing, cannot be the object
of visual culture studies.

24. Symptomatically, Mirzoeff (1999) quotes a generalizing, summing up phrase from page
433, at the very end of Freedberg’s (1989) study, and puts that analytically substantiated
generalization at the beginning of his own book, in which analysis is sorely missing.

25. For the baroque regime of visual power/knowledge, see Marin (1981). On painting as
advertisement, see Leppert (1996).

26. On the importance of using the term ‘reading’ for the act of looking, see Bal (1996).
27. If taken in a precise sense, ‘iconic’ is a semiotic term that specifies the ground of

meaning production. Although the term is often used as a synonym of visual (e.g. by
Marin, 1983), this use is detrimental to the productivity of semiotic theory for the
analysis of (visual) culture. As Mitchell (esp. 1985, ch. 1) never tires of reiterating,
similarity is not necessarily visual. For a discussion, see Bal (2002, ch. 1).

28. This term, as controversial as it is productive – it highlights the teachability of visuality
– was the subject of The Active Eye (1997), a symposium held in Rotterdam.

29. The author is writing about art history here, but I don’t think museums are a function of
art history, as this passage would suggest.
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30. Nietzsche (1986: 207): ‘the perspective decides the character of the “appearance”’. Our
values are interpreted into things.

31. But this is still too general. The reluctance to embark on highly specific analyses to
narrow down priorities in what needs to be studied leaves visual culture studies open to
the charge of imperialism and unverifiable partisanship.

32. And leave it to art history to reiterate the obvious, dominating meanings that are already
‘on top’.

33. For an extensive analysis of Christensen’s work with time, see Bal (1998). On Janssens,
Bal (1999a).

34. On the problem of artistic intention – a primary instance of ‘origin’ – see Bal (2002, 
ch. 7).

35. For a useful overview of the intricacies of the concept of culture as text, see Fuchs (2001).
36. For ‘zones of culture’, see Giroux (1992), discussed by Hooper-Greenhill (2000: 12).
37. This goes back to Saussurian more than strictly Foucaultian thinking.
38. Discussion among the areas involved in the movement is a more productive approach.

See, for example, the discussions among art history, aesthetics and visual studies in
Holly and Moxey (2002).

39. Lakoff and Johnson (1980; 1999) tend to universalize such metaphors, but their
theoretical framework of cognitive linguistics can be usefully deployed for more
specific analysis.

40. ‘Critically’ is meant here in a sense inherited from the Frankfurt School of social theory.
Visual culture studies must not take on the facile policing tone I have quoted above that
passes itself off as politically aware. But since visuality encompasses the social life of
things and the social construction of visibility, its analyses are inherently as social,
political, and ethical, as they are aesthetic, literary, discursive and visual.

41. Richard Brilliant’s (1991) study of portraiture under-illuminates this aspect. See
Woodall (1996); Van Alphen (in press).

42. For the function of scale in baroque-inspired contemporary art, see Bal (1999b).
43. My phrasing is meant to recall Peirce’s (1984) definition of the interpretant, a second,

further developed sign evoked by the attempt to understand the first sign.
44. For a review of conception of education tacitly endorsed in visual literacy education, see

Hooper-Greenhill (2000: ch. 6).
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culture are, then, not defined by medium so much as by the interaction between
viewer and viewed, which may be termed the visual event. By visual event, I mean
an interaction of the visual sign, the technology that enables and sustains that sign,
and the viewer.’ Later in the same paragraph I caution that ‘there is not and cannot
be a “pure” sign theory that will successfully cross the borders of time and place’
(pp. 13–14). Bal even shares my current interest in ghosts. So the disagreement
here, for all the violence with which Bal asserts it, cannot be personal as we share
so many of the same arguments: it is, of course, political.

For what’s really going in this essay is a not so subtle attempt to displace all the
subjective difference out of visual culture and replace it with an object-oriented
theory of ‘vision [as] ...inherently synaesthetic’. Isn’t that, dare I say it, a little
essentialist? In endorsing and proposing her own visual essentialism, Bal tries the
old tactic of turn-about (or apotropaism in theory-speak) in order to obfuscate how
her object-domain theory marginalizes the subject. Aside from one or two token
references, you will look in vain in Bal’s piece for any sustained engagement with
queer theory, or studies of ‘race’ and ethnicity, or any other form of subjective
difference. The choice on offer here is, then, the old one between the good eye and
its object and the subject of what Irit Rogoff has called the ‘curious eye’. In my
recent work, which I won’t excessively rehearse here, I have argued for a visual
culture that prioritizes the dilemmas of the visual subject. By visual subject, I have
written, ‘I mean a person who is both constituted as an agent of sight (regardless of
his or her biological capacity to see) and as the effect of a series of categories of
visual subjectivity’. Readers will note the explicit refusal of a visual essentialism
but let me add the obvious corollary that a person’s role as visual subject is not all
that an individual can or should be. Nonetheless, there is a coherent field of inquiry
in which difference has been explored, explained and taxonomized visually that
cannot be reduced to the domain of the object. 
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The obscure object of visual culture

Mieke Bal’s reflections on ‘Visual Essentialism and the Object of Visual Culture’
contain many things that no one would want to argue with. Visual culture clearly
needs to specify its object of research more clearly. It needs to avoid ‘visual
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essentialism’ of the sort that would postulate a ‘purely’ visual field utterly separate
from the other senses, or from discourse, context, interpretation, history,
technology, mediation, social practices, and a thousand other things. And I tend to
agree with Mieke Bal that visual culture cannot rely on any ready-made concept of
culture (much less on cultural studies) to provide it with a reliable foundation.

But rather than endlessly recite my points of agreement with Mieke Bal, it may be
more interesting to stress some areas of disagreement, or at least hesitation in
accepting her position. To begin with, it is not clear to me why she is so wary about
‘definition’ as the right procedure for specifying the object, and why she imagines
that ‘creating the object’ will not, at some point, require the gesture of definition.
Every creative act, in my view (and I follow William Blake here) is also an act of
definition, a formation of ‘definite and determinate identity’ out of a multitude of
possibilities and potentials. Visual culture now stands, in my view, at the threshold
of definition. It is already many things: ‘studies in’ such matters as: popular culture
and media; sub- or non-artistic visual representations; scientific and technical
imaging; commercial media; social practices of seeing and spectatorship; optical
dimensions of unconscious and conscious mental life (memory, fantasy,
imagination); what Gombrich called ‘the beholder’s share’ in image formation; the
boundaries between vision and language, vision and audition, vision and the
invisible; between the seen and overlooked; between visual representation generally
and the specific field of the visual arts.  

Mieke Bal rightly questions whether any rigid boundaries can be drawn between
these spheres, and raises concerns that visual culture could wind up as a ‘policing’
operation. But it strikes me that one can study a boundary without policing it. One
can observe a distinction between the visual and the verbal without reifiying it. And
one can seek a definition of ‘visuality’ without necessarily falling prey to the bogey
of ‘essentialism’. Even Mieke Bal’s worst fear, the ‘purity-assuming cut between
what is visual and what is not’ is perhaps not so easily avoided as she might think. It
is not enough to declare that vision is always ‘impure’. The very concept of
impurity depends, dialectically, on some notion of purity that needs to be specified
as concretely and definitely as possible, not ruled out dogmatically as a mere
methodological error or ideological illusion. The ‘optical purity’ of modernist
abstraction may, on reflection, turn out to be a fantasy, but it is a specific fantasy
that must be investigated in its own terms, and even historicized. Of course I agree
with Mieke Bal that dogmatic historicism should be avoided. But then dogmatic
anything is probably less than desirable. I see no reason to rule out history just
because some art historians have rendered it a dogmatic routine that discourages
theoretical reflection. 

Perhaps I just have lower expectations of visual culture’s methodological and
theoretical potential than Mieke Bal does. Like her, I do not yet know whether it
will be a field, a department, a subdiscipline, or a discipline, or a passing moment of
interdisciplinary turbulence. I have been around academic institutions long enough
to know that becoming a department is not the same as being a discipline, and I am
surprised to see Mieke Bal holding up English and Comparative Literature, of all
things, as models of disciplinary coherence. I have spent 35 years teaching in
English departments without ever having a glimpse of disciplinary unity. We

journal of visual culture 2(2)250

 © 2003 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at SOONGSIL UNIV LIBRARY on April 19, 2007 http://vcu.sagepub.comDownloaded from 



imagine wistfully, I suppose, that disciplinarity (like purity?) must exist somewhere
– in the Physics Department? In Mathematics? In Linguistics? – but the closer we
come to these fields, the faster the mirage retreats before us. I have been in a
position to compare the disciplinary protocols of literary and art historical studies,
however, and to observe the rapid professionalization of cinema studies in the last
20 years. My sense is that disciplinarity is a relative thing, closely tied to
professions, turf wars, discipleship, and a genealogy of often competing practices. It
rarely depends on the establishment of a universally agreed-upon ‘object’, whether
defined or created.  

Nevertheless, I agree that the effort to theorize the object is an important one, if
only to draw lines for debate, and I suspect that my object of visual culture is not so
dissimilar from that of Mieke Bal. I take Hal Foster’s coinage of ‘visuality’ as a key
moment, just as Frye, Jakobsen, and others postulated ‘literariness’, and Friedrich
Kittler insists on ‘mediality’. But I think we must be candid about the implications
of creating or defining an object. It involves postulating something dangerously
close to an ‘essence’, and I think it would be better to confront the problem of
essence early on, rather than warding it off with anti-essentialist rhetoric. For me,
the essence of the visual must begin with the eye and its operations, with the history
and theory of optics and the act of visual perception in all the organisms that
possess the appropriate organ. (Lacan notes that there is an equivalent of the eye in
organisms as simple as the oyster.) This means that whatever visual culture may be,
its object cannot be defined or created without some attention to visual nature. This
does not, I must emphasize, mean some reduction of visuality to a natural reflex or
an automatic, mechanical process: what it does mean is that visuality is constituted
as a dialectic between operations that are automatic and willed, reflexive and
learned, programmed and freely chosen. It means that the question of the ‘purely’
optical is itself a relative matter. Studies of visual perception from Descartes to
Bishop Berkeley to Diderot to Oliver Sacks have consistently observed that
‘normal’ visual perception – the ability to pick out objects, distinguish figure and
ground, and to orient one’s body in visual space – is a learned process that involves
the coordination of the tactile and the optical. We could not see the world if we had
not learned how to move in it and touch it. This means that ‘pure’ vision does in fact
exist – as the functional equivalent of blindness – in individuals who have had their
sight restored after an extended period of blindness. ‘The innocent eye’, as
Gombrich once observed, ‘is blind’, but that doesn’t mean we rule it out as a crucial
issue in the study of visuality.  What it does mean is that visuality cannot be
adequately described as a sensory faculty or perceptual power, but must be
theorized as a drive that mobilizes the organism around pain and pleasure, aversion
and desire. 

Which leads to the second stage in my specification of the object of visual culture:
that the experience of being seen is equal in importance to, and intertwined with,
the process of seeing. The primal scene of visuality is not, in my view, seeing
objects, images, or spaces, but the face of the other, an encounter of ‘eye and gaze’
that also passes over the boundary between nature and culture, animal and human
organisms in the phenomenon of imprinting. This is, of course, elementary Lacan,
and I appropriate it as a starting point for the specification of visuality, not as the
dogmatic boundary of all further research. What it establishes, I hope, is a founding

Mitchell  Responses to Bal 251

 © 2003 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 at SOONGSIL UNIV LIBRARY on April 19, 2007 http://vcu.sagepub.comDownloaded from 



concept of visuality as the dialectic between seeing and showing, surveillance and
spectacle, voyeurism and exhibitionism, investigation and demonstration.

Many things follow from these essential postulates, some of which are congenial to
Mieke Bal’s program, others that are not. My view is not compatible with her claim
that ‘present-day culture is primarily visual’ (every human culture we know of has
been visual in some way). Visuality is not a modern invention, though its operations
are surely inflected, analyzed, and reproduced by technical media, and thus it does
make sense to think of visuality as having a historical (but also a radically
unhistorical) dimension. It does risk the possibility that the ‘visual ... could be
isolated for study’, not in the sense of absolute isolation, but in the sense of placing
it centrally in a field of relations: sensory relations (to the auditory and tactile,
primarily, what Hegel called the ‘theoretic senses’); semiotic relations (to the sign-
functions of, say, the Peircean triad of symbol, index, and icon); medial relations (to
painting and drawing, to cinema and video, to the alphabet’s substitution of ‘an eye
for an ear’ in McLuhan’s phrase); to the psychological relations of the Imaginary,
Symbolic and Real, and the intertwining of scopic and vocative drives with the
‘lower’ drives (anal, genital, etc.); to the social practices of looking and being
looked at, seeing and showing, curiosity and shame. 

All this leads me to conclude that, indeed, visual culture is groping for a specific
object that we might call ‘visuality’; that we have to risk essentializing it in order to
define or create it, or even to have something to debate over; and that something
like the following definition (crucially marked by a chiasmus that may reflect the
‘essential’ structure of the optic nerve) is worth venturing: ‘Visual culture is the
study of the social construction of the visual field, and the visual construction of the
social field.’1

If this leaves visual culture a subdiscipline within art history, or a provocation to art
history in an expanded field, so be it. If it leaves visual culture to wander like a
bright thread through the endless tapestry of aesthetics or of media studies (itself in
constant crisis as a discipline – see Baudrillard’s ‘Requiem for the Media’) then that
is fine with me. I would hope that we could allay our anxiety about disciplinary
coherence and academic turf-claiming by focussing more steadily on what actually
might be learned by conducting historical, cross-cultural, and theoretical research in
the endlessly fascinating field of visuality. 

Note

1. This definition is more fully elaborated in Mitchell (2003).
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CHAPTER EIGHT

Robot and Cyborg Art

To indicate the role of the message in man, let us compare human activity
with activity of a very different sort; namely, the activity of the little figures
which dance on top of a music box. These figures dance in accordance with a
pattern, but it is a pattern which is set in advance, and in which the past activity
of the figures has practically nothing to do with the pattern of their future
activity. There is a message, indeed [one way] but it goes from the machinery
of the music box to the figures, and stops there. The figures themselves have
not a trace of any communication with the outer world, except this one-way
stage of communication with the music box. They are blind, deaf, and dumb,
and cannot vary their activity in the least from the conventionalized pattern.

-NORBERT WIENER (1950, p. 9)
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The Cybernetic Changeover
The plight of Wiener's music-box automata has not been an isolated

situation; in principle, it has in common all free-standing sculpture beginning
with the paleolithic age. An inherent defect, psychical and physical, in
sculpture and automata-and even today's Kinetic Art-is that they do not
respond to man in any intelligent fashion. They are dead souls made alive
through "art" and prearranged mechanized motion.

Reaching back into prehistory, the artist-magician was faced with the
challenge offabricating images which would not only, to use the art historian
Arnold Hauser's words (1951, p. 10), " ... indicate, imitate, simulate, but
literally replace ... " the animal which was painted or carved to resemble it. As
we observed in an earlier section on sculpture and automata, little changed in
sculpture in this respect until the second half of the twentieth century. Thus,
behind much art extending through the Western tradition exists a yearning
to break down the psychic and physical barriers between art and living
reality-not only to make an art form that is believably real, but to go beyond
and to furnish images capable of intelligent intercourse with their creators.



Wiener's illustration makes the point that, unlike insensate automata, all
living creatures communicate with their environments and other beings
within it-if only on the most elementary levels of food gathering, survival
by combat, and sexual reproduction. Wiener also suggests that the recipro-
cated message is the prime means by which intelligent beings communicate
with one another. In this respect, a blow on the head, a caress, a look, or a
lecture on philosophy can serve, within the proper context. as communication
between two beings. In a like sense, the painterly handlingofa Rubens nude, the
texture of a Henry Moore bronze, the noisy dissonance of a Tinguely exhibi-
tion, or the flashing red bulb on a Robert Rauschenberg combine painting
may serve as part of the "message" for the receptive observer. However,
these are all one-way messages, and as we have observed in the case of New
Tendency aesthetics the attempt is to try to make communication between
the work of art and the observer a sustained two-way experience.

In the past such an interaction was impossible-or at best a very one-
sided affair. It was, to place it within a cybernetic context, a relationship
between a complex, self-stabilizing, goal-seeking system (man) and an inert
object (a stone statue perhaps)-or man and a work of art designed as a
mechanical system seeking stability through pseudo-random motion (a
Calder mobile)-or man and an aesthetic system with a determinate but very
complex program (motion pictures, symphonic music, Kinetic Art, etc.).
Still, the result in every case was not communication but one-way stimulation
for the human party involved.

Even Julio Le Pare's novel critique of art-viewer relationships never
touches the consideration tha t art, to engage in a series of interactions with a
human observer, must itself possess some degree of intelligence. Le Pare,
though, does point out that (September, 1962, no page number): "To cause
the active participation of an art work is perhaps more important than
passing contemplation and can develop the natural creative instincts within
the public." (Translated from the French by Davida Fineman.)

This does not mean that an art work is invested with the power to act,
think, or communicate in any meaningful sense. Le Pare only implies,
speaking realistically of the present, that a form of interaction does take
place-just as a bow interacts harmoniously with the movements of a skilled
violinist, but not with the kind of interaction of two men talking. It is this
last example which typifies the most exotic, if distant, goal of Cyborg Art
(i.e., the cybernetic organism as an art form) and which is very gradually
becoming the next, and perhaps ultimate stage of sculpture. An early myth
prevailed in modern art that somehow "open" sculpture was more spatial
than "closed" or monolithic sculpture; a newer myth sees mechanical 313



kinetic sculpture "act" as a spectator participates with it. Yet this sculpture
no more "acts" than does a ball of yarn when it is batted and chased by a
kitten. To say that sculpture does "act" sets the scene psychologically for the
eventuality that it will.

Earlier in a discussion of the biological origins of modern sculpture, the
dichotomy between geometric and organic art was brought out, and the
point was made that very likely vitalistic sculpture was an attempt to prepare
the way for an art more closely approaching the organic ideal, one fusing the
geometric propensities of machines with the qualities of living matter. We
observed elements of this fusion in vitalist sculpture through the biotic-
geometric sculpture of Gaudier-Brzeska, Moore, Brancusi, and Arp.

In Chapter Three sculptural formalism was interpreted as a preparation
or pre-stage for the literal assembly of machine components and systems in
art. With its dependence on geometric and quantitative relationships, modern
formalism appeared not to be a return to geometric decoration, but incipient
mechanization applied to art. It follows that the reappearance of Kinetic Art
can be viewed as a precocious attempt to take a few sizable steps toward the
goal of organic integration, albeit by the same process of classical mechanics
used by the makers of eighteenth-century automata. The machine, then,
becomes the legitimate heir to the sculptural tradition of form creation.
The implications of this are bound up in Spengler's comment on the origins
and destiny of Faustian technics (1918, p. 411): "They listened for the laws
of the cosmic pulse in order to overpower it. And so they created the idea of
the machine as a small cosmos obeying the will of man alone."

The historian proceeds to link Western culture with an unstoppable
craving to wrest the secrets of natural order from God-with the unconscious
aim of controlling human destiny, if not in fact becoming God itself. The
machine, of course is the key to this transference of power. If it constructs
our destiny, it can do no less than become the medium through which our
art is realized. As a reflection of the Faustian drama in the twentieth century,
it is increasingly impossible for sculpture to hang midway in its present posi-
tion between the imperfection of the machine and the artistically superior
tradition of figure sculpture. Though contemporary Kinetic Art is an offspring
of classical mechanism, the step beyond is totally a child of the present century.

314

On several occasions it has been stated that cybernetics never had a
father, but rather a number of uncles, each occupied with a different aspect
of the same discipline. Originally, the science or pre-science of cybernetics
received its start from two efforts: that of processing information reduced to



mathematical form for the purpose of solving problems, and the devising of
control mechanisms, machines capable of self-adaptation to variable work
situations. Both tasks were being accomplished simultaneously while an
interdisciplinary science developed from them. This was made known with
the publication in 1948 of Norbert Wiener's Cybernetics: Or Control and
Communication in the Animal and the Machine. This volume was the scientific
inception of a dream which had haunted the makers of automata all through
history-that of creating mechanical analogues to the nervous systems of
animals, and through this gradually effecting some level of intelligence in the
machine.

This goal had its first successes during the Second World War when
Wiener and other scientists at the Massachusetts Institute of Technology and
Harvard University envisioned the need for cross-disciplinary scientific
projects, particularly a project capable of fusing aspects of pure mathematics,
electrical engineering, and neurophysiology into a science explaining the
organization of complex systems-systems which think and show some
degree of environmental adaptability. It seemed probable that while the
machines of the first industrial revolution had removed many burdens of
physical labor, much more could be transferred to the machine by allowing it
to handle constant and variable inputs of information. Wiener, among
others, gradually realized that some of the functional models for these new
machines already existed through the autonomy of organisms. Wiener's work
prior to World War II included the design of a computer for solving differ-
ential equations; much of his time during the war was concerned with a
related task of inventing an automatic aiming device for anti-aircraft guns.
Both involved systems which handled more than one variable at a time-
before then, a feat impossible for machines. As Wiener observed (1948, p. 6):
"[Twice] I had become engaged in the study of a mechanico-electrical system
which was designed to usurp a specifically human function"-that of rapid,
complex calculation.

In 1943 Wiener, along with two colleagues, the physiologist Arturo
Rosenblueth and the mathematician Julian Bigelow, published a paper
entitled "Behavior, Purpose and Teleology." This paper-dealing with a
malfunction common to both the nervous system and electromechanical
control systems-suggests how purpose could be built into machines.
Bigelow and Wiener had earlier come to the conclusion that negative feedback
(in both animals and machines, this is a fractional return of the energy output
of a system in the form of information guiding the system's future activities)
was the key concept to control. Wiener, from his work on computers used as
control devices, was familiar with the phenomenon of "hunting," in which 315
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a control device would send a machine wildly out of order when a feedback
impulse "overcompensated" or became locked in a cycle of self-induced
oscillations. The two scientists as a result asked Dr. Rosenblueth if a similar
pathological condition existed in the human nervous system. Rosenblueth
identified such a nervous disorder as "purpose tremor," an involuntary
oscillation of the limbs and an inability to function when the mind ordered
a motor action such as walking or picking up an object; the result would be
a loss of kinesthetic coordination between the nervous system and the
muscles.

This was the first of many attempts to establish a connection between
the regulated functions of the body and the protocol of electromechanical
control. Even before the end of the war other scientists were engaged in
parallel researches. Two early investigators of the mathematics of nerve nets
were the neurophysiologist Warren McCulloch, and the mathematical
logician Walter Pitts; both men laid foundations for the use of logic systems
in devising computer languages. Claude Shannon adopted the theory of
classes in Boolean algebra to study switching systems in electrical engineering;
later, Shannon's and Warren Weaver's creation of communication theory
allowed the designer to handle computer fidelity and capacity of transmission
mathematically.

In the spring of 1947 Wiener left for Europe to attend a mathematical
conference. Various papers presented at this meeting plus discussion with
friends in England convinced the mathematician that an extremely useful
pattern of machine-animal analogues was emerging. During his stay in Paris
Wiener was asked to formulate his ideas on cybernetics in book form for the
nonprofessional public. At the urging of social scientists Wiener soon realized
that the discipline which was evolving had much more than technical ramifica-
tions; developed to its logical capacities, it meant a social, economic, and
industrial revolution perhaps more important than the first industrial
revolution.

Previously cybernetics had been referred to as a proto-science. It never
existed as a science in its own right, but became the theoretical springboard
for a number of related activities. Even before the publication of Wiener's
book in 1948 cybernetics began to branch off into a number of areas concerned
with the regulatory mechanisms of complex systems: presently this includes
computer technology, information storage, systems analysis and develop-
ment, learning theory and the design of teaching machines on feedback
principles, pattern recognition, artificial intelligence, and bionics (integration
of artificial with living systems). Before going further, it should be made clear
that cybernetics is preeminently the science of organization. Where in the



1920's or 1930's organicism was a rather lovely if unrealized dream of archi-
tects and sculptors, it began to hold real meaning for the cybernetics-affected
designer. The underlying role of cybernetics has been the implementation of
organic relations through a profound understanding of the patterns of
organization in evolving and living systems.

Biology in the early 1940's experienced a new philosophical turn-suc-
ceeding both vitalism and mechanism-with the concept that organization,
complex and multileveled, was responsible for the composition of organisms.
As the vitalists have insisted, life surely is greater than the sum of its parts, but
only because of an incredible interconnectedness between the parts of an
organism, which when assembled seem to add up to more than the sum of the
parts: this was the view of the organic biologist. In The Wisdom of the Body
(1932) Dr. Walter Cannon of Harvard explained the balanced plumbing of
the human body, those ever present involuntary mechanisms maintaining the
health of the whole organism. He called this system of automatic valves and
thermostats homeostasis. Defined, this is the ability of the body to keep its
quantities ofliquids, solids, and gases in a state of equilibrium. Cannon found
that the body is constantly forcing such a balance by various strategies, which
include feedback mechanisms.

A few years earlier, the biologist Ludwig von Bertalanffy had grouped
the organizational properties of organic entities, both social and biological,
into the category of systems. Bertalanffy was one of the first scientists to
classify biological systems according to abstract principles rather than
appearances. Systems, in essence, were the multileveled organizational
structures of living forms, and very diverse systems could have very strong
similarities according to the way they were organized. This was where the
independent study of biological and social systems coincided with the aims of
cybernetics; cybernetics is the analysis of linked and interacting systems-
precisely Bertalanffy's view of biological activity. While this sounds less
dramatic than Wiener's emphasis on relationships between machines and
animals, the implication is just as important: both natural and man-created
systems, if equipped with similar organizational properties, elicit related
beha vioral responses.

It has been the very nature of the machine that it could always be con-
nected with other machines to perform a complex array of work motions. As a
machine has had to cope with more difficult operations (activities not strictly
repetitional but altered according to input of the machines), the machine has
become less simply a set of "power drives" and more a series of "servo
systems"; or systems with closed-loop communication regulated as are
Cannon's homeostasis functions for biological systems-but certainly with 317
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less complexity. As true automation became a reality and information-
processing machines grew more flexible, the designer gradually came to think
of the hardware involved not as a group of coupled machines but as an assem-
bly of systems.

The concept system itself is a pure abstraction, an assembly of isolable
properties studied in terms of their transformations, either alone (closed) or in
relation to other systems (open). Isolating a system in context is an important
part of the cyberneticist's task, since the number of systems inherent in any
given situation is theoretically infinite. Ashby has specified that a system can be
isolated only if an observer defines the variables involved so that they form a
"singleness." This "singleness" is the matching together of transformable
values so that they form a closed set of relationships. In this manner highly com-
plicated assemblies can be segregated into finite, observable subgroups. The
system is a logical means for handling complex interacting mechanisms in
motion. Stated differently, the system becomes the unit by which all levels of
fluid organization are analyzed up through and including living organisms.

While the system is a fundamental concept of cybernetics, its value as an
artistic idea lies in its power to cope with kinetic situations, and particularly
the connecting structures of evolving events. A property of all systems is
stability, and its counterpart, instability. The most stable system, of course,
is the inert object having no moving parts and changing only through physical
deterioration. The basis of all art in history has been durability, the relatively
permanent quality of the fixed art object. In this century, particularly, we
have witnessed the technological ascendance of perishable, mass-pro-
duced materials-and a growing lack of inhibition on the part of artists to use
them. Metallic plastic-based paints, plastics, corrosive metals, electric
motors, assembled mechanisms, electric light sources, plaster, rubber, paper
are only some of the self-destroying materials and systems used by artists in
an attempt to make their creations "dynamic" or relevant.

Systems tend to assume a given purpose depending upon their context,
although, quite conceivably, a designer would not see in a system one end
result but a number of possibilities. Also, all systems exist in an environment
and mayor may not interact with their environment. Such an interaction the
cyberneticist interprets as communication. For instance, the fixed work
motions of a classical machine acting upon materials fed into it is a form of
low-level communication. As long as the machine continues to produce the
desired results in changing the materials, we are happy with its internal and
external messages. As for Kinetic Art, the machine communicates to us
merely as we observe its motions. As we are able to steer or program the
actions of a machine, and the machine reacts in sundry ways to our guidance,



we attain higher levels of communication. In this respect a most important
attribute of systems or machines is input and output. For either the material,
energy, or information going in must be emitted in some converted form. A
human body takes in food (i.e., energy) and sensory impressions (i.e., in-
formation) and in return produces work, heat, information, and waste
products. In a sense, all of these are types of messages; thus input and output
are the communication within a system.

Another property of systems and a fundamental aspect of organization
is that of coupling. Machines and their components naturally fit together into
larger and more effective systems. The very methodology of cybernetics
demands that a researcher be able to "uncouple" a system, that is, break it
down into analyzable subsystems so that it can be studied with more precision.
Coupled systems mayor may not receive the output of other systems, just as
some or all of their output may go on to other systems.

Coupled systems evidence a feedback relationship when a reciprocal
transmission of energy or information between systems affects the process of
transmission itself. Negative feedback (as was mentioned with Cannon's
homeostasis) is the process whereby any number of coupled systems are
designed to maintain a relatively constant input-output relationship. This
might be the chemical equilibrium of the body or the constant adjustments
of a servo-controlled processing mechanism. Positive feedback (Wiener's
"hunting" symptom in neural pathology being one example) is caused when
a mechanical or chemical chain reaction exceeds the boundaries of restraint
and each "cause and effect" relationship triggers off a still larger "cause and
effect" cycle. An explosion of dynamite is a graphic example of this type of
irreversible chain reaction.

Many artists, particularly Kinetic Artists, have expressed a desire for a
flexible interrelationship between their work and the viewer. This inter-
relationship implies the use of negative feedback, and present Kinetic
experiments reveal few, if any, significant successes in this direction. While a
non passive relationship with the work of art is one goal of the Kinetic Artist,
another more basic problem exists for all moving systems.

Plainly the problem of stability and instability within a Kinetic Art
system confronts the Neo-Dada fatalism of a machine artist such as Jean
Tinguely. Sculpture as a category of objects with a provisionally unending
life seems to be giving way to the kinetic system with a life and death cycle
of its own. The machine with a motor is a stable system which only becomes
unstable when the motor fails or a part wears out. Instability lies inherent in
all systems and the probability that it will appear rises at an exponential rate
as the systems include more moving parts and higher levels of complexity. 319



In effect, the Kinetic sculptor is no longer building objects with potentially
infinite life spans, but systems with a life that in many cases can be predicted.
Just as parts must be repaired and constantly replaced in an automobile, the
stability of a kinetic system is insured by periodic inspections. Art objects in
a museum are also systems in the sense that they are subject to constant
deterioration and must be periodically inspected for necessary restoration
work. In effect, we are moving toward a systems view of art, and, as the old
attributes of the sculpted object are dropped one by one, the sculptor will
begin to think about increasing the life duration and stability of his me-
chanical creations.

In this too brief introduction to the cybernetic viewpoint, we have not
stressed the technical elements of information theory, computers or com-
puter programming, but instead those essential aspects of organization which
will be responsible for future alterations in three-dimensional sensibilities.
We have learned to speak with complete nonchalance about number systems,
philosophical systems, data-processing systems, ecological systems, com-
munication systems, political systems, control systems, weapon systems and
many others. The suffix "system" was not in nearly such evidence a few years
ago. Now, not only the scientist, but everyone lives intermeshed daily with
a hierarchy of synthetic systems dominating the quality of life. This in effect
is the new biological reality which both man and art must abide by. For the
first time the word organic ceases to be an unobtainable ideal held out to the
artist; following in the wake of cybernetic technology, systems with organic
properties will lead to "sculpture "-if it can be called that-rivaling the
attributes of intelligent life.
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Mock Robots as Sculpture
Well into the 1950's the concept of the robot was more a literary con-

venience than a recognized fixture of utilitarian living. Before the Second
World War, books written about freight-yard switching systems, electric
refrigerators, and vacuum cleaners used the term "robot servants" to dra-
matize their place as mechanical aids to man. Plainly these were "robots" with
no connection to human anatomy. And until a few years ago the anthropo-
morphic robot was the brain child of science-fiction writers and publicity-
seeking appliance companies, rather than a machine with any practical uses.
Now we are confronted daily with classes of machines for which the title
robot seems every bit appropriate. The new mechanisms are not only capable
of physical work and some degree of autonomy, they are to some extent
decision-making devices. Cybernetics, the development of the control concept
in machines, and rapid advances in electrical engineering have been respon-



sible for much of this. The ability of machines to accomplish more sensitive
and demanding tasks, tasks traditionally thought to be human prerogatives,
has in a sense diminished the dread of robotry by making it a reality.

There is an inherent fear connected with the term robot. For the early
mechanical age, the robot was the collective demon in human form, and to
give its powers to actual subjugated machines, to realize its potential capabili-
ties, is to undermine the image of the soulless, clanking monster. Our robots-
in the sense of machines capable of a variety of seemingly autonomous ac-
tions-are becoming more real every day. For some sculptors, the human
condition mirrored by the robot, the spineless doll, or the waxen image, has
become an idee fixe. He sees this in robot or doll-like form because as yet the
machine has not been made which mirrors personality to the extent of the
human physiognomy.

It is well, though, to look briefly at the contemporary breed of robots.
They work, they affect matter and involve man in their doings more every
day. Psychically, the sculptor cannot match their influence; he can only
suggest certain static parallels to their consequence upon mankind. On March
30, 1966, the New York Times announced in a headline: "'Walking' Truck
Is Drafted by U.S. Army-Model Developed by General Electric Costs
$1-Million-Versatile Robot Can Move Easily Over Rocks and Mud." It is
described as four-legged, ten feet high, four feet wide with a human driver
housed inside. This "truck," or pedipulator as it is called by its inventors,
carries a five-hundred-pound load over all terrain; the controls for moving its
"limbs" are hydraulic powering devices capable of responding to any of the
normal motions of the driver's body. CAM (cybernetic anthropomorphic
machine) uses no electronic controls since repairs and parts replacement
would be impractical under battlefield conditions.

Industry has steadily learned the uniqueness of the human hand and how
difficult it is to build an automatic hand that duplicates its actions. Ralph S.
Mosher (October, 1964, pp. 88-96) considers the case of the clumsy robot
who, not possessing the sensitivity to weigh the strength and rigidity of a
chair, might easily pull one apart in picking it up. As a result, any mechanical
manipulator must have a sense of kinesthesis equivalent to that of a human
being; that is, a pressure-detecting sense for judging the force and position
exerted on objects by a robot hand. Mosher gives several descriptions of
metallic c1awlike hands now at use in industrial work. One manipulator is
programmed to perform on an assembly line-and can be reprogrammed for
any number of routine tasks not involving a human operator.

In this category General Electric's Handyman includes two machine
hands with ten forms of motion controlled by an operator. For complex 321
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manipulation human control by means of knobs and levers is altogether too
imprecise. Since a human being uses his limbs unconsciously, the answer
seemed to be to let a person go through the manipulative actions which the
machine is to undertake. Since the actions of both man and mechanism are
coincident, a master drive strapped to the arm of the operator receives signals
of change in position that are transmitted to the machine arm. In turn, a feed-
back returns signals to the operator informing him of the pressures exerted
by the Handyman arm on the real objects being manipulated. Handyman is
a perfect example of how disparate systems can be coupled together; in this
case, a man-machine relationship is established on a set of highly sensitive
feedback loops which extend and amplify the work capacity of a technician.

A month after the Soviet Government landed Luna 9 on the moon on
February 3, 1966, the Saturday Review published an article, "The Robot on
the Moon." This is an account of the Jodrell Bank interception of the first
Soviet television pictures of the moon's surface. Heretofore, the Russian
Lunik probes had relayed information back to earth, but never close-up
pictures of the moon's surface. The Russian descriptions of their miniature
television station are revealing. As Luna 9 landed on the moon, it acted as a
"shock absorber" for a two-foot sphere ejected from its surface and landing
some feet away. Like a seed pod, the sphere then "flowered" as four petal-
like outer forms opened exposing the rotatable television camera and four
pistil-like projections used as broadcasting antennae. It is not stretching a
point to say that Luna's miniature television station fulfilled the organic
analogy of botany's combined womb and spaceship, the seed pod.

In contrast, American Surveyor I landed on the moon on June 2, 1966,
and resembled a tripodal space frame with landing pads of crushable alumi-
num. Radar and an on-board programmer calculated the rate of thrust
needed by the retro-rockets to accomplish a soft landing. This was a marked
contrast to the non precision of the Russian robot with its compact, tough
exterior.

It is significant that both extremely complicated cybernetic systems were
self-adjusting mechanisms but also delicately man-controlled from a distance
of thousands of miles. The cybernetic system, unlike Handyman, does not
have to be in intimate proximity to its human control source to effect fine and
precise alterations in its behavior. It is only limited by its ability to communi-
cate with other systems. In fact, the romantic ideal oflanding men on Mars-
in the sense that Columbus traversed the Atlantic to the New World-is
probably too expensive for its scientific value and could be accomplished for
a fraction of the cost by what has been described in the New York Times as a
(March 29, 1966, p. 4) "robot-like 'automated biological laboratory' designed



to be landed on Mars in several years to perform a series of 35 tasks in search
of signs of life. "

Early in 1966 newspapers carried a story of a "robot teacher" hired in
Palo Alto, California. This "teacher" is a computerized teaching machine
with four media of contact with the student: a television screen, a typewriter,
a movie screen, and a set of earphones over which instructions, commands,
corrections, and encouragement are given to children. Of marked advantage
over other teaching machines-and in fact most human teachers-is the
almost instant response to a pupil's answers; these computer responses are
programmed to vary in tone and word pattern so that the child gains no sense
of machinelike repetition. The IBM "1500," as this super teaching device is
called, is capable of drawing on its facts so as to deduce different sets of
logical conclusions. Psychologists have already observed that because of the
infinite patience and responsiveness of the machine some children develop
a real emotional attachment to it. Very likely "1500" shows signs of warm
attention lacking in some parents.

In Disneyland, or what Ray Bradbury refers to as "the machine-tooled
happyland," pageants of humanoid robots have reemerged after the eight-
eenth-century golden age of automata under Vaucanson and Jaquet-Droz.
The late Disney's robot factory at Glendale, California, has already produced
the first seemingly alive figures for Disney's conception of an "audio-
animatronics" museum: General Grant at Appomattox, the Vikings at
Vineland, cavemen making fire for the first time-these are a few of the auto-
mated, three-dimensional tableaus that Disney had in mind.

For the 1964 New York World's Fair Disney's technicians were com-
missioned to build a life-size, talking, walking Abraham Lincoln for the
Illinois State exhibition. The carrier of a deeply masculine voice and a
statesmanlike manner, Disney's creation would have given the original
Emancipator a close race at the polls. The new Lincoln got up, glanced
around, cleared his throat, moistened his lips and recited a few passages from
his best-known speeches, complete with appropriate histrionics down to the
last genial wink. Reported Science Digest in an article of December, 1963:
"Shake Lincoln's hand; its texture is enough like real flesh to make you
cringe. It's moist, for the vinyl plastic skin exudes fine oil over a period of
time. The plastic even bruises."

This carnal anthropomorphism of plastic and electronics far surpasses
earlier masterpieces of android precision such as the Writer (1774) of Jaquet-
Droz. Tough but flexible plastics, electronic programming, feedback systems,
and refined, work-amplifying hydraulic systems may possibly return the
humanoid robot to a place of competition with other visual mass media. 323
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Significantly the robot now functions to interact convincingly and intelligently
with human beings-not to frighten them as do apparitions of the Franken-
stein variety.

A rather bizarre-though not complete-instance of this coupling of
human to robot was reported in newspapers in the spring of 1966. A young
lady attending Radcliffe College advertised in the Harvard Crimson for a
male to contract marriage for one year, this to circumvent the school rule
against unmarried students living off campus. Her ad drew two hundred and
fifty replies, including one from the owner of a movie-star robot named
Dalek. Dalek, in need of publicity, was described as "a cone shaped, 5-foot-6
robot, dressed in silver and red, with one eye scanner, a radiation antenna,
a flame-thrower, and red bulbs in his head that light up when he speaks"-
a perfect match for a Radcliffe junior. A marriage of sorts was arranged; they
spent their honeymoon at the Hotel Americana in New York City.

In collaboration with the Aerojet General Corporation, the University
of Southern California School of Medicine has recently developed a 6-foot-
2-inch, 195-pound "patient." This is a lifelike plastic dummy used to train
medical students. It is controlled by a computer program to exhibit "symp-
toms" during a student diagnosis. Subsequently, the computer will print a
critique of the student's mistakes. According to one of its developers, Dr.
Stephen Abramson (quoted in June, 1967, p. 1) "The second generation of
Sims [simulators] will be able to bleed and sweat and will be shaped to simu-
late different ages of each sex. The third generation which we hope to evolve
within several years, will be better in many respects than cadavers for training
medical students." Even that last act of generosity, leaving one's body to a
medical school, will soon be a futile gesture.

A most realistic variation of the robot theme is present scientific experi-
mentation in RHIC or Radio-Hypnotic Intracerebral Control. Control of a
subject is effected by the implantation of electrodes in the brain. These may
be stimulated by radio signals which do not directly disturb the normal
electrical activities of the brain. Such signals can be used to trigger post-
hypnotic suggestions at considerable time and distance after they have been
made. At its most harmless and beneficial RHIC could be regarded as a very
promising teaching tool; more ominously, it foreshadows the possibility of
efficient thought control. Progress in RHIC has been under way for many
years among the major political powers. As yet, no experimenter admits to
using anything but animals for subjects.

What is significant about these examples is their very logicality and
inevitability. If we devise robots to do our work for us, both physical and
intellectual; if we can invent robot teachers more efficient than humans; if



robots provide amusement; and finally, if we have the power to turn ourselves
into functional robots, then what hinders the eventual robotization of all
humanity? Such a theme has supplied the basis for countless science-fiction
stories, and is by no means a dead issue.

At the beginning of this century the robot represented a symbolic threat
to human values. As the robot in its multitude offorms has become a reality,
our views of man-machine life have grown in sophistication. Almost as a
gesture of capitulation, the artist has begun a serious rapprochement with
technology. It seems as if the vision of sculptors, attached to anthropomorphic
images, has begun to blur. The dividing line between man and robot has
become most imprecise. Today, moreover, the robot has become a semi-
personal, fallible being-a pensive, twilight figure, an unknowing accomplice
to the undermining of once intransigent Western values. For our generation
much significant anthropomorphic sculpture does not imitate man, but imitates
robots trying to become human.

Most sculptors instinctively realize that they lack the technical skills to
create functional robots. They continue-as sculptors have with the human
model for thousands of years-to produce obsessional figures which simulate
machineness. Chief among these creators of pseudo-robots (FIG. 118) is the
English sculptor Eduardo Paolozzi. Employing the ancient technique of lost-
wax casting in bronze, Paolozzi first began his rusticated machine men in the
mid-1950's. Slabs of wax were impressed with machine parts and technical
paraphernalia. The castings which resulted were welded into torn, top-heavy
figures with cog wheels insides, a far cry from machine sleekness of the 1920's.
These works present several iconographic inversions, the chief being a sham
pathos which brutally juxtaposes classical idealism with mechanical inade-
quacy. This sculptor's stylistic progression underlines a point already stressed:
the seeming progression away from external anthropomorphic values
and toward machine complexes that, while they do not appear human,
interact with people at steadily higher levels of control. The imitation robot,
nevertheless, remains a piece of sculpture in the traditional sense. Possibly
because we identify intelligence with human appearance, Lawrence Alloway
(1963, pp. 20, 22) regards Paolozzi's machine men as justified:

Robots, as machines that perform services for men, would, if designed functionally,
not be man-like. They could be expected to resemble trollies or cranes or traffic-lights
or vacuum-cleaners or juke-boxes or roller-skates. However, they are persistently
imagined in human form: the human contour and stance haunt robot iconography,
just as persistently as they do the physiognomy of screen monsters. The human body
is a structure with very highly adaptive skills, whereas robots, to be of maximum use,
need to be specialized, and shaped accordingly. From Capek to Asimov and after, 325



118. Eduardo Paolozzi, St. Sebastian, No.2, 1957.
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however, a basic human schema shapes robots, with side references to suits of armour,
diving-suits, tanks and space suits. This aspect of robot-lore is criticized by engineers
of servo-mechanisms, but in fact, the anthropomorphizing of the machine, which
robots classically demonstrate, has a basic human charm and satisfaction.

Even when Alloway was writing his text, Paolozzi began diverting the
form of his sculpture from the human figure toward a machine form without
the benefit of arms and legs, a combination gasoline combustion engine and
computer display panel. Alloway treats these robots as a more iconic and
instrumentlike anthropomorphism, and this has continued in light of recent
Object-Optical sculpture by Paolozzi. These last are brittle, mirrorlike metal
constructions with erratic undulating edges, exercises in optical ambiguity
which have little to do with the misshapen robots of the previous decade.

A very different, mock, robot has been contrived by the American
sculptor Ernest Trova. Trova's figures, highly polished bronze manikins,
recall the faceless "Oscars," Hollywood's yearly, self-inflicted Academy



119. Ernest Trova, Study Falling Man (Landscape on Wheels), 1966-1967.

Awards. The bodies of Trova's statues are not idealized physiques, rather
they possess spindly legs and distended stomachs; they are biological speci-
mens undergoing some fundamental "processing"-perhaps the paces of
space-travel training-with the implacable resignation of cheerful robots
(FIG. 119). Trova's best-known series, Falling Man, consists of drawings,
reliefs, and free-standing sculptures of streamlined bodies in sequential
rotation around an axis positioned just under their feet. Breathing or heart-
pumping apparatus spring from the breasts of some of these bronze manikins.
These men have an inhuman precision, a beyond-conscious resignation to
being enmeshed in artificial systems. Somehow this anesthetizes the pain of
robot existence conveyed by Paolozzi's metalized demons.

Aside from the pseudo-mechanical man, anthropomorphism in recent
sculpture has usually been confined to varieties of subsculpture: the doll, the
waxwork curiosity, and the painted, store-window manikin-all proto-robots
of everyday life. Shells inhabited by human souls, these subsculptures live
tenuously as imitations of human beings. Not a part of modern sculpture's
reaction to anatomical classicism, they embrace the values of twentieth-
century pop totemism; they take the last step before the automobile kewpie
doll inherits the Western tradition of mimetic influences from Praxiteles,
Michelangelo, and Rodin.

George Segal's plaster people at once come to mind, just as the Nanas
of Niki de Saint-Phalle and Claes Oldenburg's Teddy Bear park monument
strike a similar chord of titillating despair. These "sculptures" are lumpishly 327
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morbid, embalmed sensibilities within shrouds of plaster, stiffened cloth,
vinyl, wire, and wool yarn. Through many pounds of plaster Segal's people
make love, tend store, wend their way through urban traffic, or simply sit
straddle-legged in silence; the Nanas of Niki de Saint-Phalle cavort about the
gallery like three-hundred-pound matrons at an amateur theatrical; Olden-
burg's Teddy Bear unseats the war memorial tableaus of the urban park and
substitutes in gigantic scale the cuddly, floppy imbecility of a child's bed
companion.

Not long ago life-size, sophisticated dolls purchased to sit cross-legged
at one's rumpus room bar could only be had at chic and expensive novelty
shops. Today the art gallery is well established in this direction. Frank Gallo's
sculptures are neither dolls, waxwork figures, clothing manikins, nor molded
plastic advertising reliefs-they draw on elements from all of these. In a sense
they are human bric-a-brac (FIG. 120): leftover party guests, moody teen-
agers, nymphets at the beach and semi-erotic spinsters posing before the
mirror. Each is polychromed to appear uncomfortably real but finished in the
unconvincing waxiness of epoxy resin plastic. Some of Gallo's figures, the
free-standing reliefs, lack the back side of a sculpture, thus exposing an un-
comfortable cavity of plastic technology. Time magazine calls these "human-
oids" in the sense of beings which inhabit some of Isaac Asimov's robot
science-fiction stories. Often these warm personalities prove to be mechanisms
with plastic skin described as faultlessly human.

Since the mid-1950's New Yorker Larry Rivers has consistently created
fetish figures from manikins. In 1957 Rivers constructed Iron Maiden, a
sculpture of welded sheet steel from an automobile; it has all the burned,
twisted, and sharpened edges of its namesake, the torture device. One writer
called it a "robot blasted from all sides by ray guns." A tableau by Rivers
Parts of the Body: English Vocabulary Lesson (I964) arranges three manikins
in varying stages of disassembly, with parts of the body laboriously indicated.
Perhaps inspired by The Doll (a Swedish film about the sexual fantasies of a
department-store watchman who falls in love with a clothing dummy and
commits a murder for it), Murder at B. Altman & Co. (1964) is a study of the
undressed manikin and baroque putti made unbearably real through mutila-
tions. As one writer describes this tableau (Berkson, November, 1965, p. 51):

The central figure is a display window St. Theresa with her throat cut. Her head,
with its furious leer, hangs back onto something like a chopping block; the torso is
cut off at the rib cage, the legs split down the middle like firewood; there is an ochre
smudge under the neck. Beside her, to the rear, stands a cupid with steel plates at neck
and hips. Above the victim, there is a diving board, with another cupid apparently
walking off it.



120. Frank Gallo, Walking Nude, 1967. 121. Jean-Robert Ipousteguy, David and Goliath, 1959.

The French sculptor Jean-Robert Ipousteguy has synthesized both
classical and robotic values into his hybrid humanoids (FIG. 121). Ipousteguy's
bronzes are orthodox in most respects, except where he adds a third leg to a
figure or otherwise destroys its biological symmetry. The artist consistently
uses the device of "antiquing. " In the nineteenth century new sculpture was
often artificially aged to resemble unearthed Classical fragments. Authentic
bronzes sometimes had holes and pock marks from chemical corrosion.
Ipousteguy duplicates this type of blemish, but one feels that his corpulent
bodies are also hollow shells of human beings, in essence, humanoid robots
without working mechanisms.

The drawn, cast, carved, painted, assembled manikins of the Venezuelan 329



122. Edward Kienholz, The State Hospital, 1964-1966.
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Marisol are personal portraits with many formal surprises. High among them
is the talent of the sculptress for evoking three dimensions by graphic tech-
niques and unexpected projections; formidable slabs of wood are thereby ren-
dered "human" in the sense of haut monde fashion models on display- the
classic example of the commercial robot!

A few years ago during the apex of Japan's industrial boom, word spread
that some enterprising Yokohama businessman had marketed a rubberized
replica of a Hollywood star famous for her contours. This "pleasure toy"
was anatomically, if passively, complete and could be filled with warm water
-for men with need of more than a hot-water bottle. Perhaps related was the
environmental construction El Batacazo (1965) of Marta Minujin, which
included a complement of stuffed rugby players, live rabbits, and a giant, soft
vinyl Virna Lisi. Miss Lisi's replica hissed and groaned softly as participants
in the environment clambered over mounds of yielding plastic pulchritude.



Rivaling the frightening pathos of the great Counter-Reformation
Spanish woodcarvers, the Californian Edward Kienholz has produced some
of the strongest and most memorable tableaus of this generation. The moral
vantage of Kienholz is keenly evident in The State Hospital (FIG. 122). Here
the artist has reincarnated memories that reflect his experiences as an atten-
dant in an asylum. These are no longer human beings, but fetid bodies and
faces represented by cloudy, translucent containers. Even more eerily pathetic
is Birthday (1964), in which a young woman lies on a portable operating table
in an abortionist's office. Everything vibrates muted whites and grays; all
surfaces of the tableau are bathed in a sickly sheen of clear polyester resin
plastic. The mouth of the young woman on the table emits a plastic bubble
containing a floating toy-signifying perhaps the scream oflost motherhood;
from her stomach seven giant plastic arrows protrude; the center arrow
carries the soul of the dead fetus back to its place of origin.

It would be wrong to interpret this cruel, mock robotry of the past ten
years as a return to metaphysical realism-best illustrated by the German
and Spanish wooden polychrome sculpture of the seventeenth and eighteenth
centuries. One has the intuition that if this "superrealism," frozen into every-
day experience, could move, the sculptor would will it so. Whereas, it is kept
still and silent by the knowledge of its makers: that intuition which tells the
sculptor that to induce motion forsakes the protective security of sculpture.
Spengler understood this when he identified sculpture with the classical virtues
of spatial definition and orderliness; thus (1918, p. 139), "the statue is rooted
to the ground .... "

The Cybernetic Organism as an Art Form
In The Living Brain (1953) the English neurophysiologist Grey Walter

states that the maker of lifelike images could be a magician, artist, or priest.
Further, he asserts, the difficulty rests in persuading the public that the
behavior-simulating models created by the experimental scientist are not
related to these earlier disciplines dominated by extra-logical concerns.
Walter observes something else reiterated in this book-namely, that there is
an indefatigable human urge to project life into inanimate substances, to
"create" life through artistic and metaphysical means. And while man
remains a habitually totem-forming animal, Walter insists that the scientist's
motivation for reproducing life springs from a different set of concerns. We
can only wonder if they are so different, though Walter does try to make a
distinction (1953, p. 115):

There is, however, a well-defined difference between the magical and the scientific
imitation of life. The former copies external appearances; the latter is concerned with 331



performance and behavior. Until the scientific era, what seemed most alive to people
was what most looked like a living being. The vitality accorded to an object was a
function primarily of its form ....

Moreover, any performance by a sacred image must be magical-a Virgin with an
ingenious mechanical smile would get no worship. Again, an image may be only a
toy. The technical genius of the Swiss watchmakers was really wasted on their delicate
clockwork automata; they arouse only a passing interest because they are neither
sacred nor, like life, unpredictable, their performance being limited to a planned
series of motions, be it a boy actually writing a letter or a girl playing a real keyboard
instrument.
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Grey Walter further outlines some of the scientific and technological
preparation which has made organic simulation a reality. He mentions such
scientists of the nineteenth century as Clerk Maxwell and Claude Bernard for
their contributions to the understanding of feedback in both animals and
machines. He demonstrates how even the tiniest cell of natural origin would
have been impossible to duplicate in principle without the invention of the
electron vacuum tube, and later its solid-state equivalent.

Grey Walter's robot toys, which we shall investigate shortly, can be
categorized as crude but early cybernetic organisms, mechanically con-
structed to simulate behavior patterns, the origins of which the psychologist
tries to discern through empirical testing. While Walter readily admits that
these laboratory toys only approximate animal behavior-being far simpler
in construction and neuro-interconnectivity-they represent the first me-
chanical steps in duplicating the purposiveness of living organisms.

In the deepest sense sculpture has always been anthropomorphic. Wheth-
er imitating animals or the god-spirits determining the destinies of men,
fashioned images have always been extensions of man's psychic and physical
existence. Earlier, in Chapter Three, we have considered modern formalism
as a unique stage of anthropomorphism, as a direct prelude to the re-creation
of intelligent life by non biological means. This drive toward successively
more efficacious forms of anthropomorphism seems to be a cultural charac-
teristic of the human organism. A tentative reason for this will be outlined in
the last part of this chapter.

It is doubtful if non-anthropomorphic sculpture can exist. Since the
creation of the first nonobjective and Constructivist sculptures in the early
part of the twentieth century, artists have consistently denied the anthropo-
morphic and mimetic content of their works. Each successive generation of
nonobjective (or to use the most recent term: "literalist") sculptors has ac-
cused the previous generation of anthropomorphism. Even the present gen-
eration of Object sculptors do not escape this charge (Fried, Summer, 1967,
p. 19). What we will examine as Cyborg or Post-Kinetic art is really the first



attempt to simulate the structure of life literally. Thus, sculpture seeks its own
obliteration by moving toward integration with the intelligent life forms it has
always imitated.

Less than a decade ago the term cyborg (i.e., cybernetic organism) was
created to mean a man-machine system in which the human partner functions
unaware of his connection with the machine component; the machine behaves
automatically through feedback connections with the muscular or nervous
system of the human component-just as the pupils of the eyes, connected to
the autonomic nervous system, contract automatically when subjected to
bright light. Unlike an automobile and driver, the sense of physical and per-
haps psychic separation between man and machine is eliminated. A cyborg,
then, is any artificial system connected through reciprocal feedback to an
organism. Handyman, the indirectly controlled industrial manipulator, and
the IBM "1500," the super teaching machine, are examples of at least partial
cyborg relationships. Both these systems retain an element of awareness
between machine and operator; as yet they do not represent an unconscious
symbiotic relationship.

Clearly the cyborg relationship goes beyond the anthropomorphic anato-
my of the classic robot; and it has even less to do with static robot sculpture.
One science writer, Daniel Halacy, sees the cyborg in a continuum of possi-
bilities ranging from "hardware" for outer-space adaptability systems and
prosthetic devices for the injured to the development of artificial-tissue
supply centers for the replacement of organs and genetic banks for the future
design of entire human beings. This last example, which includes artificial
man or some organism of higher intelligence, is still so remote in the light of
present technology that most researchers have settled for cyborg models that
duplicate only some of the simpler neurological and physiological capabilities
of living systems.

The term cyborg refers to both electromechanical systems with lifelike
behavior and man-machine systems which parallel (through feedback) some
of the properties of single biological organisms. In the first instance, there are
a few autonomous cybernetic sculptures that interact with some stimuli but
remain, nevertheless, unattached to the human viewer. The second group is
characterized by a class of constructions--cybernetic games-in which
human participation and reaction are necessary in order to make the work of
art become "alive." Both art forms move beyond the linear work cycle of
machine-driven Kinetic Art and establish complete behavior patterns that
are not clearly predictable, but neither are they pseudo-random events.

In a previous chapter, on formalism, we observed the importance of the
scientific model as a stimulus for modern sculpture. A trend repeats itself
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throughout the more theoretical sciences: as a physical model becomes pro-
gressively more untrustworthy and unrelated to the system it describes, it is
discarded, and the science develops into a game of pure symbols and "invisi-
ble" concepts. Unlike mathematics and physics but similar to molecular
biology, cybernetics, if only with limited success, early instigated a vogue in
the use of working mechanical models. Without creating life in the sense that
a biologist would find acceptable, cyberneticians have invented a number of
electromechanical and electrochemical analogues based on organic stability
and sensory feedback. As both Wiener and Walter have observed, these analo-
gues transcend the programmed imitations of motion and sound in classical
automata and instead simulate animal behavior in a probabilistic manner.
This is accomplished through acquired "learning," which allows the machine
to choose from a number of possible responses to a given situation.

In 1948 at the Burden Neurological Institute in Bristol, England, Grey
Walter created two automata and awarded them the zoological classification
Machina speculatrix. Elmer (Electro-Mechanical Robot) and Elsie (Electro-
Light-Sensitive- Internal- External) were designed as plastic-clad "tortoises"
with three wheels (the front one for steering), a revolving photoelectric cell
for light detection and a knack for producing nearly lifelike emotions. The
idea of emotions we see as a unique prerogative of animals, and Walter is
quick to point out that emotions are built-in responses to given situations,
responses which show real logic in terms of the circuitry of a given nervous
system. Hence, if they are provided with circuitry in principle equivalent to
that of animals, there is no reason why machines should not have emotions.
One may reject this argument on the principle that the levels of complexity
vastly differ, but even with their simplicity the automata of Walter do show
behavior patterns remarkably similar to the emotions of higher forms of
organisms.

Machina speculatrix has been based on a few simple but ingenious ideas
differing from those of classical robots. The aim of Grey Walte~ was to build
like nature, with the principle of parsimony uppermost in mind; not a visual
imitation of nature, but afunctional imitation with the fewest possible com-
ponents becomes the cyberneticist's goal. The tortoises are reduced to the
equivalent of two nerve cells reacting to stimuli: two vacuum tubes, two
relays, two condensers, and two electric motors are their main components.
Included also are a photoelectric cell (for "sight" or responses to light sources)
and an electrical contact (the sense of touch) which is activated when the shell
comes in contact with a solid object.

As in the case of animals, the tortoises display both negative and positive
tropisms. The tortoises are designed to be attracted to light-but reject light



sources if they are over a certain threshold of brightness. Also, the tortoises
are powered by rechargeable batteries and are sensitive to the voltage of their
power sources; below 5.5 volts (the hunger threshold), the tortoises seek their
food supply in the form of a strongly lighted "hutch" containing electrical
contacts to which the tortoises move close so as to recharge their batteries.
When the charge has reached seven volts (satiation) the tortoises retire in
stillness to "digest" their meal of electrical current. Between these two
voltages the tortoises wander in search of a comfortable light-source. Walter
claims that his tortoises display elements of discernment and memory-that is,
they construct a priority of goals and at least show momentary effects of
having surmounted an obstacle. Another biological quality of the tortoises is
internal stability. They are free to wander just so long as their electrical supply
is sufficient; in other words, the mechanism is designed to insure its own
survival in terms of power. They remain contented as long as electricity is
forthcoming, or the current not turned off-but otherwise they "die." As with
all organisms, this denotes a feedback loop between the animal and its en-
vironment. Walter suggests that this constant striving for "food" and an
optimum comfort level is characteristic of the ecological adjustments and
psychological drive found in every species.

Granted with a certain overemphasis of anthropomorphic adjectives,
both Walter and other popularizers of cybernetic ideas have described the
tortoises in a variety of crisis and decision situations. It must be enough to
say that, for the relatively simple mechanism that it is, the Machina speculatrix
demonstrates, or appears to demonstrate, many of the same emotions com-
mon to humans and animals: hunger, frustration, self-survival, satiation, in-
genuity, self-recognition, etc. Also their inventor has observed that the tor-
toises possess distinctly different personalities-although they were put to-
gether nearly identically. Elsie remains rather sprightly while Elmer hides
under the furniture much of the time, not moving unless for food. Elsie's
sensitivity and mobility make her more impatient when faced with obstacles
than her docile brother. The experiment also suggests that minute alterations
in bodily chemistry do have much to do with personality differences in humans
and animals.

Pierre de Latil in his book Thinking hy Machine: A Studv of Cybernetics
brings up the situation raised by the eighteenth-century philosopher of the
enlightenment, Condillac. The philosopher presents the question of a marble
statue, given no senses or thinking capacity but suddenly endowed with the
ability to perceive and store knowledge of one event after another; Condillac
concludes that, with enough information imbibed by the senses, the statue
would in time become a fully rational being, altogether human in its reactions. 335
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In other words, thought is a mechanism and not a miraculous property be-
stowed on humans before birth; intelligence, then, is an electrochemical
system made usable only by use. While at the time this was an early and crude
hypothesis of mechanistic thinking, it raised the possibility in Latil's mind
that the tortoises of Grey Walter fulfilled the basic conditions of Condillac's
statue. If(1953, p. 231) "attention, memory, comparison, judgment, imagina-
tion and knowledge" comprise the outward signs of thought, then in a very
rudimentary sense the tortoises "think."

At this point it is well to remember that Latil's book appeared during the
infancy of cybernetic experimentation (1953); many artificial intelligence
researchers have since raised serious doubts about the real thinking ability
of the tortoises. However, other researchers in this field-in the face of strong
criticism of the entire program of artificial intelligence-have insisted that
intelligence is purely a matter of degree and that thought in a meaningful sense
exists on a continuum of levels, even in some rather uncomplicated machines.
So that the problem becomes one of defining what attributes one will accept
as being consistent with true mental processes. Probably the real merit of
Walter's goal-seeking, self-stabilizing automata is that they possess just
enough of the colorfulness of humanoid robots to dramatize the possibilities
of further cybernetic research.

Autonomous mobility and the knack of these little robots to implement
their decisions into concrete action seems to be the popular criterion for
judging their lifelikeness. In the years following the tortoises, other "animals"
were concocted by cyberneticians, all utilizing feedback mechanisms. Ed-
mund Berkeley, a pioneer computer engineer, devised "Squee," a sort of
squirrel whose forte was gathering golf balls whose food value was converted
into electric current. At the Bell Telephone Labs in New Jersey, Claude
Shannon developed a pack of maze-running "mice"; through a constant
"hunting" process, and after repeated attempts, these mechanisms statistically
"learned" their way out of the maze. It is both easy and compelling to see
these didactic models as animals; there is just enough freedom in their
reactions for an observer to detect the formation of behavior patterns and
arbitrariness of real animals, though in principle there are other classes of
mechanical artifacts which more closely approximate the cognitive processes.

One such artifact is the "horneostat " of the English physiologist Ross
Ashby. Briefly, the homeostat is a device with a set of four pointers which
move, each through its own trough of distilled water which acts as a conduc-
tor. The pointers are influenced by an input current at the same time that their
position in the trough influences the sources of the input. Each pointer, then,
is guided by internal feedback-at the same time that its position is influenced



by the position of the other three pointers. Each pointer's goal is to arrive
in the center of its trough, producing a zero voltage. The pointers in turn
must adjust to the irregularities of the other pointers, so that stability is only
achieved for one pointer when it is gained by all.

Ashby conceived the homeostat as a model for some of the stabilizing
operations in the human brain, and accordingly named a book describing the
device Design for a Brain (1954). Brain may be an oversimplification of the
homeostat's true accomplishment, but it does suggest how this complex organ
handles large quantities of incoming random information-in juxtaposition
with existent internally retrieved thought (i.e., information already stored
and put to use). Hence, the idea of a system seeking equilibrium by mutual
stabilization of all of its subsystems Ashby calls "ultrastability."

A variation of the homeostat by the same researcher uses only two
pointers: one pointer is the "animal" and the other is its "environment."
Again, the center of the trough for each pointer represents stability and the
preferred position for the animal and its environment. If the environmental
pointer is moved off center, the animal pointer moves with it. If the feedback
loop between the two pointers is reversed, then it takes several trials before
the animal pointer reverses its direction to compensate for the "change in
environment." Ashby interprets this as the kind of adaptive behavior nor-
mally found among organisms on all levels.

An even more complex learning association between two machines is
Eucrates, a control system designed by the English cyberneticist Gordon
Pasko This is a dual mechanism which simulates "trainee" and "teaching
machine"; Pask sees it also as an industrial control device. Not only does the
trainee learn, but the teaching machine learns about the learning ability of the
trainee. In simple mechanistic form this consists of a series of motor elements
generating impulses when its input exceeds a certain threshold. The threshold
is automatically raised (that is, the input of information to the trainee) and
the impulses from the motor elements are cut off. Thereupon the threshold is
reduced to a low enough point so that the motor elements, or some of them,
resume their impulses. This fluctuating give-and-take process applies equally
well, and certainly has been put to use, in the case of a human trainee con-
nected to a teaching machine.

All the systems described above are rather early examples, prototypes so
to speak, for the much more sophisticated adaptive and self-organizing
systems being assembled today. For our purposes, though, they indicate how
machines can manifest intelligence by using information to adjust to variable
conditions. As for learning ability in general, Pask points out that within an
electromechanical system this basically means that (1961, p. 67) "the elemen- 337
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tary subsystems within one of the imitative units have become more closely
coupled." In a sense, learning, then, is a matter of reinforcing a circuit within
a system. Adaptive behavior means the establishment of several alternative
circuits for use depending upon the input and state of the system at a given
moment. Described in barest mechanical terms these make incredibly com-
plex processes; when applied to humans, they sound much simpler than they
are.

In the development of artificial intelligence, perception, and control
programs, the idea that an experimental system had to have the outward
appearance of a mobile organism disappeared rapidly. In most instances the
ability to adjust to a situation, store information, or solve a problem was
checked by a dial reading or print-out sheet. The spectacle of an artifact
adjusting to its environment through a series of visible maneuvers has a cer-
tain anthropomorphic fascination, but it remains hardly an efficient way of
handling immense amounts of information. It is well to mention this because
the gap between the romantic prototype robot-surely a leftover from the
first age of machines-and the modern theory of automata is an ever-
widening one.

At present there are dozens of projects set up to simulate pattern recogni-
tion, adaptive behavior, decision making, concept formulation, and other
phases of cognitive action. Examining the breadth and implications of these
programs presents too extensive a task for this book, but it is worth mention-
ing that this entire area of investigation is presently split into two camps. One
philosophy is concerned with the characteristics of self-organizing systems,
and is biologically oriented. It sees the problems that we have been discussing
from a physiological standpoint; it is sure that the organic traits of self-
organization (the most dramatic example being the human brain) really hold
the key to the science of control. As a result-and the artifacts of Walter
and Pask are two examples-they attempt to duplicate or use the principles
of sensory and control systems of biological origin with the strictest economy
of hardware. A model of a neural net using the least components and the most
advantageous connections for solving a specific problem might be a possible
goal of the self-organizing school.

The solving of complex problems-seeking new ways as to how they are
solved-has become -the purpose of the group of researchers devoted to
artificial intelligence. From work already produced it is clear that they favor
the most advantageous use of the computer-which means, in effect, the
creation of increasingly sophisticated computer programs. Marvin Minsky,
a leader of the artificial intelligence research at MIT, acknowledges the
limitations of the present generation of computers, and the want of ingenious



programs for utilizing the computer's already vast potentials. But Minsky
expects to see rapid improvement. He feels that a priority of interests exists
and that it is more important to develop superintelligent computers and pro-
grams, in a relatively short time, than to expend great energy in duplicating the
processes of the brain. Moreover, the ultimate limitations of the computer as
an intelligence-amplifying machine rest in the capabilities of the programmer
alone. Improved heuristics (short-circuit problem-solving techniques which
circumvent random and exhaustive searching by the computer) seem to be
the most promising strategy for the artificial intelligence school.

Before going on to the artistic uses of cybernetics, we should touch upon
the problem of machine consciousness. With all the efforts in the related
fields of self-organization and artificial intelligence, a recurring, if unessential,
criterion of success is the duplication of human consciousness. Many re-
searchers view the question of consciousness and self-awareness in machines
as vitalist-inspired and thus a bogus issue, or at least one irrelevant to their
particular area of concern. Others see vestiges of consciousness in even some
of the most rudimentary control devices; moreover, the attainment of a
recognized consciousness will be the logical outcome of the growing sophisti-
cation of computers and their programs. It need hardly be stated that there
are large numbers of educated people-scientists included-who see no possi-
bility, ever, for a machine to approach a true state of consciousness. This, of
course, is a view tinged with the vitalist hope that a few life-centered properties
remain out of the reach of the scientist to recreate-and therefore to under-
stand analytically.

The mathematician and philosopher James Culberson proposes in his
book The Minds of Robots a physicalistic theory of consciousness and sense
perception which makes the construction of both capabilities theoretically,
if not practically, possible. To begin, one must assume that consciousness is
a physical state-which Culberson does. Consciousness he conceives as a
space-time network of impulses constructed point by point out of physical
events. He then suggests, as previous researchers have, that classical robots
and automatic vending machines do not experience consciousness, but are
simply programmed to react specifically to a given input. In a like sense, a
machine can be made to experience stimuli but have no means of showing a
response. Still and all, a computer can show signs of tremendous intelligence
-which some already do-yet have no "inner life" or capability for self-
reflection. The author proceeds to build a theory of conscious automata
based purely on circuitry and artificial neuron nets of his own invention. It
remains to be proven by the construction of physical models whether Culber-
son's or anyone else's theory of consciousness has any basis in practice. 339
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This is mentioned only because as the cybernetic mode of grasping inter-

relationships invades the realm of art the question of a conscious work of art
is bound to arise. If we look upon the art object as the visual residue of an
active mind, then the possibility of a work of art actually attaining some form
of consciousness is an incredible but not unlikely eventuality.

Interestingly, some of the initial cybernetic sculptures have been among
the most expensive and complex sculptures to date. In 1954, as an advisor for
the Phillips Corporation of Europe, Nicolas Schaffer helped to design the
first spatiodynamic, cybernetic, sound-equipped art structure for the Pare
Saint-Cloud on the outskirts of Paris. This same tower appeared at the inter-
national Building and Public Works Exhibition, Paris, 1955. The Phillips
engineer Jacques Bureau accomplished the electrical engineering for the
tower. Without the financial aid and technical assistance of this giant electron-
ics firm, there is little chance that Schaffer could have completed this first
monument to cybernetics.

The tower was primarily a sound-producing mechanism, its program of
musical sounds being the result of environmental stimuli. Pierre Henry, an
originator of Musique Concret (taped compositions of electronic and environ-
mental sounds), produced twelve tapes, parts of which were selected in turn by
a control system. An audio pickup, a photocell and a temperature-controlled
rheostat took data from the environment and operated relays which chose
portions of the tapes. A homeostatic device balanced the final sound pattern
so that discordant combinations were avoided. To make the musical program
of the Saint-Cloud tower more unpredictable, a randomizer or "indifferent
cell" was introduced to utilize the effects of chance. One can understand the
sensory control mechanism and the homeostat for eliminating harsh noises as
a means of achieving cybernetic art, but the "indifferent cell" seems to contra-
dict the "triple determinism" which Bureau boasts are the three integrated
control devices for determining the program. The tower, itself, seems to have
been designed more as a spectacle than as a sober effort to erect a giant sound
organizer with an output controlled by feedback relationships. While an
element of cybernetics is put to work here, the final outcome in terms of music
cannot be said to be purposeful. Perhaps Bureau is aware of this and in a
paragraph on the two he says (quoted in Joray, 1963, p. 45):

The object sought is above all of the experimental order. As for electronic animals,
the synthesis of the faculties must be effected very gradually, and the behavior of the
"models" man makes of himself must be observed. This exploration by the "models"
of physiology, psychology and sociology marks the opening of a new path in research.
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123. Nicolas Schaffer, CYSP I, 1956.

It is to Schaffer's credit historically that he was one of the first artists
to realize (and implement) the potential of control devices in art. One of Schof-
fer's linear, aluminum-frame sculptures with rotating blades (what he terms
a spatiodynamic construction) was set on a base housing a complete control
mechanism. This work, CYSP I (FIG. 123) (cybernetic-spatiodynamic con-
struction), was introduced to the public in 1956 on the stage of the Sarah
Bernhardt Theatre. Again, Phillips sponsored this project as a sculpture
capable of reacting to changes in sound and noise. CYSP I is mobile, with
four motor-powered sets of wheels under it. Different colors make its blades
turn rapidly or lie stationary, move the sculpture about the floor, turn sharp
angles or stay still. Darkness and silence animate the sculpture, while bright-
ness and noise make it still. Ambiguous stimuli, as in the case of Grey Walter's
tortoises, produce the unpredictability of an organism.

In the year of its birth Maurice Bejart used CYSP I in a ballet with
341
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electronic music. Schaffer envisioned his cybernetic sculpture as the prototype
for many other works that would, in time, take their place in society. Schaffer
has gone so far as to envision these sculptures autonomously wandering
through the city streets. Built-in radar would prevent them from bumping
into people and buildings.

This is a small fragment of Schaffer's synoptic vision. In 1965 at the
Jewish Museum in New York City a number of sketches and photographed
models of a future "Cybernetic City" were displayed in a Schoffer-Tinguely
exhibition. These site plans are shown as vast, well-manicured plazas and
boulevards dotted with gigantic cybernated light towers and stilt-mounted
architecture. These resemble hybrids from electronic components and models
for hydrocarbon compounds. Space in this case becomes more a matter of
interconnected stratifications high above ground level than the miserly pro-
pinquity of traditional real-estate apportionment.

Nevertheless, the seeming inhumanity of Schaffer's "Cybernetic City"
and the overprettiness of the lumiodynamic constructions turn many sensi-
tive contemporaries away from this brittle world of instant and visible
dynamism. Yet few artists have so tenaciously held on to a private vision of
the future. As for the Constructivist sculptors, their blueprint for society
invariably stopped short of an integrated space-time aesthetic in which kinetic
and electronic technology were integral factors. For all his awkwardness,
Schaffer has dared to meet the engineer more than halfway.

In conversation in 1964 the author sensed the extensions of his vision.
Neither Schaffer's sculptures nor his attempts at architecture are the results
of a personal style consciousness deliberately imposed; they result from
working with the technological limitations of the present age. He would not
have his spatiodynamic structures looking so like the Neo-Plastic sculpture
of the 1920's, but that is simply the nature of available materials. The material
Gestalt of Schaffer's work is unprivate and impersonal, for he early realized
that technology, without much help from the artist, is becoming increasingly
responsible for its own visual impact. The artist must learn to make his con-
tributions to this cybernated society or be excluded from it by his own irrele-
vance. Schaffer anticipates a world politically ordered, not in the usual sense
of hereditary; elected, or dictatorial leadership, but by computer-produced
decisions and committees picked for their intellectual and scientific grasp of
complex geopolitical problems.

Already, he pointed out, this was the case among some of the largest
companies of Europe. He used his own sponsor, the Phillips Corporation,
as an example. Not only are areas of productivity automated, but market
research, inventory control, product development, and even the highest



echelons of policy are dictated by the cybernetic analogy of a healthy organ-
ism. According to him, a great deal of the corporation's profits are ploughed
back into research and experimental projects such as his own light tower at
Liege, and the days of willful, plutocratic capitalism are no longer the way to
run an efficient business. With unbounded enthusiasm Schaffer remarked that
he was in the midst of writing a book about this new, self-organizing society,
a society free of the old political isms and controlled by organic rationalism.

Speaking of his sculpture, Schaffer saw CYSP I and CYSP II as extreme-
ly interesting, though terribly expensive, experiments, ones which the Phillips
Corporation was reluctant to underwrite in any subsequent form. He had
considered a confrontation between Cybernetic sculptures reacting to each
other's stimuli-an amusing experiment already tried in the laboratory.

As an ardent exponent of the ephemerality of systems, Schaffer admitted
that he often felt greatly hindered by having to use materials and manipulate
them in the traditional sense of craft. His ideal, it seems, is objectlessness, the
manipulation of pure energy fields which materialize themselves. He saw
as a perfect working space for his projects a limitless illuminated void. More-
over, he made the observation that his concern is with "aesthetic objects" not
with the "work of art." Analogous to the provisional aspect of the scientific
experiment, he believed-as does the Paris G.R.A.V.-that the progressive
artist is in no position to make works of art; his sole concern must be with a
sequence of experimental efforts-the results of which may be sold to the
public. He explained emphatically that if he dealt with any substance it was
time not physical matter. Time is the objective of his creations and their looks
are secondary. With that, he speculated on the working life of his machine
constructions, knowing that these would eventually break down and cease to
"live." The artist, Schaffer said, is provided with a mental cushion, in the form
of ego, for this eventuality, and he, luckily, cannot conceive of the destruc-
tion of his creations.

Cybernetics and particularly the related field of information theory were
forthwith studied in Western Europe for their aesthetic implications. In this,
the United States has been lagging by five to ten years. The European sensi-
tivity was due in part to a crisis recognized in modern music by French and
German avant-garde composers as early as the later 1940's. Both the structure
and continued development of tonality were seen at an end. The outcome of
this continuing crisis was the invention of serial composition. The serial
technique reorganized and expanded the parameters of musical notation in
such a way that a new acoustical structure would hopefully become evident
to the trained listener. Electronic synthesis was one technique for achieving a 343
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structure which encompassed much more than the range of tonal organiza-
tion. That music, purely as a continuum of sounds, could be produced, cut up,
distorted, rearranged, and analyzed mechanically excited some composers
with its unlimited possibilities, while dismaying others. It still did not answer
the basic questions: where does machine creativity (or guidance) leave off
and human invention begin; and can information theory, group theory,
number theory, or any kind of mathematical analysis aid in the production
of vital, meaningful music?

Questions on the propriety of employing machines and mathematics
sundered the European musical avant-garde in a way unknown to the plastic
arts, possibly because the plastic arts have had no elaborate, semi-mathemati-
cal system (tonal relationships) which could be attacked directly through
higher analysis. It has been observed that the discrete and linear nature of
literature and music leave them open to analysis through communication
theory, while the nonlinear, continuous consistency of visual phenomenon
prevents this from happening in the plastic arts. Recently, though, real pro-
gress has been made in the quantification of visual phenomena.

In 1958 the scientist Abraham Moles published his Theorie de I'informa-
tion et perception esthetique. Moles points to some conclusions about the
limits of modern communication as defined by information theory; he lays
down aesthetic conditions for channeling media; yet he does not attempt to
construct a style, a means, a message, or a new art form. Less elaborate, but
more ambitious in intention is Max Bense's Programmierung des Schonen,
published in 1960. For the experts, at least, Bense's work categorizes the
various philosophical, mathematical, and literary approaches to text analysis,
with particular emphasis on the statistical methods of information theory.
Bense also does not attempt a new art form. Gotthard Gunther's Bewusstsein
und Maschinen: Eine Metaphysik der Kybernetik (1957) demonstrates that the
aesthetic, moral, and metaphysical ramifications of a society confronted with
conscious machines have already made their impact in Europe.

The situation in electronic music and the appearance of these books
must be mentioned because they help to explain the European awareness of
the value of control and communication theory for the arts. Rarely though-
except for individuals such as Schoffer-e-have artists shown very much in-
terest in the theories of cybernetics; rather their concern, as it has slowly
developed in the last ten years, has been with the artifacts, the working models
of cybernetic experimentation. However, a few painters have toyed with that
unique product of the computer, the punch-out tape. One could cite in this
instance the collage paintings, consisting of binary code dots, of Jean Cha-
baud. Perhaps there is a tinge of irony to the fact that for the last few years the



IBM Corporation has sponsored "computer art" contests among its em-
ployees in which the results most often resemble well-known styles in abstract
painting. While the idea of cybernetics may initially excite the artist, there are
few valid ways the artist can as yet handle the tools or concepts of the science.
Aside from Schaffer, it has only been in the past three or four years that artists
have begun to use electronic sensory devices and man-machine feedback
concepts to control Kinetic Art.

A few sculptors, hot on the heels of the laboratory cybernetician, are
not easily put off by the formidable technical obstacles which lie before them.
The dream of artificial "life "-or a reasonable facsimile-has been too long
embedded in the minds of sculptors to be dismissed merely for lack of money
or training. More than likely, the first steps into Cybernetic sculpture are
simplified imitations of the "animals" created by Walter and Pask; most of
these do not possess circuits for forming behavioral traits, but are controlled
by servo-mechanisms which give the appearance of purposeful activity.

Some indication has been given already of the range of projects under-
taken by Jean Tinguely-many of them with strong anthropomorphic under-
currents. Tinguely's assorted painting, self-destroying and monster machines
weigh heavily toward a post-Cartesian view of the machine. At the same time
he has never really invaded that area of ideas connected with the life-dupli-
cating or intelligence-amplifying properties of cybernetics. His machines
remain dumb, chaotic, beautifully ugly, and deserve their untimely "deaths."
If the "meta-rnatic" works do appear intelligent at times, this results from the
sentimental pity of the viewer, not from acts of mercy on Tinguely's part.

A young artist still in the process ofliving up to his promise is the Filipino
David Medalla. Now living in London, Medalla was an editor of Signals
magazine, a science-oriented, vanguard publication devoted primarily to
Kinetic Art. He refers to himself as a "hylozoist," a philosopher of the pre-
Socratic Ionian school devoted to the belief that all matter and life are insepar-
able. After a brilliant if incendiary academic career, Medalla turned to paint-
ing before the age of twenty and soon decided that the artistic vision embraced
much which the plastic arts do not allow in their present form. As a conse-
quence, most of Medalla's works and ideas remain relatively unsalable
because of their very untidiness as nonobjects; rather, they are related to
those intangible cycles of life which concern the biologist, ecologist, oceano-
grapher, and the physicist. His sculptures are the natural happenings of the
universe poetically isolated.

Of particular beauty are Medalla's bubble mobiles, the Cloud Canyons
(1964); this group of plywood boxes pour forth an unending cascade of
froth and bubbles, covering everything in their path. Other projects (which 345
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have their antecedents in the science museum) are sand mobiles producing
wave configurations and thermal walls with their mutable mist and frost
patterns.

Medalla's scope of planned projects is astonishing; one cannot help but
feel that time, money, and newer undertakings will probably prevent the
completion of most of these. The more intriguing are: (1) "Collapsible Sculp-
tures" or forms which incorporate living things such as snails, shrimps, and
ants. Snails would move over touch-sensitive plates setting off different tones;
or shrimps could be induced to perform as an underwater ballet; or ants could
be made part of a magnified pattern of shapes in a glass farm; (2) "Hydro-
phonic Rooms" would be rooms with walls and ceilings of special porous rock
on which thousands of edible mushrooms could be grown; (3) "Transparent
Sculptures that Sweat and Perspire"; these would be heat- and light-sensitive
masses whose shape and pulsation could be controlled by the environment;
(4) "Radio-controlled Flying Sculptures" would consist of objects which
could fly from a "hive" to all parts of a city, returning with various non-
valuable objects.

Clearly some of these projects seem feasible while others would take
inordinate amounts of engineering, not to mention money. It is significant,
however, that Medalla tries to incorporate botanical, insect, and other lower
animal colonies into amplified systems representing new levels of environ-
mental art. Again, the shaped, stabilized system prevails over the fixed object.
It would seem that the purpose of this is to inform man that he is one of many
social organs on the face of the Earth-all striving to remain alive and well
on the resources of the Earth's surface. In this respect, Medalla has recognized
that global planning, consciousness of the Earth and its inhabitants as a single
organic environment, is not only the coming artistic sensibility, but the key
to biological survival.

An artist whose ideas come close to Medalla's, yet developed independ-
ently, is the German Hans Haacke. Now living in New York, Haacke began
his wind and water constructions in 1963, when their raison d'etre as sculpture
was generally lost on the public.

Art lovers, accustomed to appreciating sculpture for its shape, were
mystified by an array of transparent, plastic boxes filled with colored and
clear liquids. These liquids perform various activities-dripping, trickling,
oozing, splashing, and condensing-in the spirit of turbulent weather con-
ditions or the internal secretion of organisms, and hardly resembling the
vitalistic or Constructivist sculpture of the past. In the sense that he bases
some of his boxes on the condensation cycle, and the wind sculptures use bal-
loons balanced on columns of air, one could term Haacke's sculpture self-



organizing and self-stabilizing; however, he deliberately omits use of a me-
chanical feedback loop. As with Calder's mobiles, much of the self-stabilizing
tendency of these fluid constructions is due to gravity and the mechanics of
seeking a position of rest. Up till now machines have played a small part in
Haacke's work because the artist harbors a certain distrust of power setups
with many moving parts and the likelihood of repeated breakdown. "The
simpler the better" is his working axiom; if "life" is to be duplicated by the
artist in a new sense, it must be done without the imposing hardware of the
cyberneticist. Furthermore, he believes that all the cycles of natural organiza-
tion-including many which could not be brought into the museum-are
now fair game for artistic improvisation. The provisions of this goal can be
set down in a few terse statements given to the author by the artist:

· .. make something which experiences, reacts to its environment, changes, is non-
stable ...
· .. make something indeterminate, that always looks different, the shape of which
cannot be predicted precisely ...
· .. make something that reacts to light and temperature changes, that is subject to
air currents and depends, in its functioning, on the forces of gravity ...
... make something that lives in time and allows the "spectator" to experience time ...

Already we have reviewed Haacke's balloon constructions (see Chapter
One, FIG. 23) and his condensation boxes (Chapter Six, FIG. 104). Ice Stick
(FIG. 124) is composed of a vertical refrigeration tube which collects, con-
denses, and freezes moisture from the air. Layers of ice and frost form and
sometimes the outer layers melt as external temperature conditions dictate.
Using a biological analogy, these layers build up and melt off, producing an
ever-changing form-relating, if however indirectly, to the morphogenic
development of organisms.

As a "living system" Haacke's Grass Cube (FIG. 125) is even more to the
point. Here, several square feet of grass are set into the context of a plexiglas
box filled with a thin layer of soil. This has to be watered quite regularly,
owing to the low humidity of most indoor environments. The artist rejects
the implication that these works are didactic yet he sees them embedded in
larger systems outside themselves. They are what they are, and Haacke refuses
to see them as images in the older sense of iconic art. The system, with a little
help from the supporting environment, does not need the viewer's sympathetic
projection to remain independent. In conversation, Haacke sees the logical
extension of his work carried out in the vast outdoor expanses-and when
reminded that such effects as he plans already exist in the form of rain, sleet,
fog, etc., he replied: "I did think of signing the rain, the ocean, fog, etc., like 347
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124. Hans Haacke, Ice Stick, 1966.

125. Hans Haacke, Grass Cube, 1967.



Duchamp signing a bottle rack or Yves Klein declaring November 27, 1960,
as a world-wide 'Theatre du Vide.' But then I hesitate and wonder if isolated
presentation in one limited given area, an estrangement from the normal, is
indispensable. It is a very difficult question."

It would be misleading to classify Haacke as an artist primarily devoted
to applying cybernetic principles to mechanical artifacts; rather his interests
are in those cyclical processes which manifest evidences of natural feedback
and equilibrium. One might call this an environmental systems philosophy, one
that has little to do with practical or theoretical science. Instead it reveals a
keenly sensual attitude toward the most ephemeral phenomena.

Clearly in opposition to Haacke's position is the Chilean presently living
in New York City, Enrique Castro-Cid. The early drawings of Castro-Cid
demonstrate a strong awareness of cybernetics as it is beginning to affect our
notions of human physiology. These working drawings progressively sub-
stitute machine components for their anatomical equivalents. It is evident
from the author's conversation with the artist that Castro-Cid has read deeply
in the literature of mechanical evolution and the mind-body problem of
classical philosophy. I-fe senses that the possibilities of man-machine inter-
action are richer than ever before. Thus, his newer constructions depend more
on this awareness and less on prevailing tastes in sculpture.

Since Castro-Cid's first robot exhibition in 1965, the artist has moved
toward a more sophisticated awareness of man-machine interactions, in
which anthropomorphism plays a diminishing role. The early robots (FIG. 126)
are interesting for their painful sterility: no longer the clanking metallic
beasts of the 1920's, these are more akin to humans divested of their corporeal

126. Enrique Castro-Cid, Installation photo of 1965 exhibition at Richard Feigen Gallery, New York.
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form, mere brains placedin bell jars with appropriate electrodes inserted,
sending commands to mechanical limbs. This contemporary electronic man is
encased antiseptically in a clear plastic enclosure; a vestigial anatomy drawn
on the background hints faintly at a once biological life. Wiring and small
components take the place of tendons and blood. Anthropomorphic 1(1964),
while suggesting the lapidary effect of a micro "mechanical brain," is tech-
nologically an unartful assemblage of synchron timing motors, a set of me-
chanical relays and a handful of light bulbs-all used to terrifying effect.
But, reduced to its functional definition, this machine has none of the goal-
seeking, self-stabilizing ability of even such relatively simple animals as Grey
Walter's Machina speculatrix; it is, indeed, a mock robot.

Lately Castro-Cid's energies have gravitated toward a mode of sculpture
which could be termed "cybernetic games." These are imposing, boxlike
systems sometimes powered by air jets which keep plastic spheres moving
within a defined cycle of positions. The trajectories of these bouncing balls
are limited but appear to be random. There is a kind of ultra-precision to
these constructions which implies more ultimate purpose than that invested
in most New Tendency kinetic works; they simulate the precise, instantaneous
technology of a computer system in which playfulness is merely an aspect of
some greater hidden function. The poetic imprecision of these games-such
as On and Off-exists in the fact that they imitate a level of technology which
they have little hope of duplicating. On the white surface of the compressed
air sculptures are painted green areas which suggest different functions. The
chasses of the games are extended into nonpurposeful shapes which contain
no interior equipment.

What electromechanical components (photocells, electromagnets, air
compressors and film projectors) Castro-Cid does use are invariably endowed
with a certain forbidding and brittle austerity. Here the motion-picture form
becomes the means for projecting a changing image with more substance than
the imposing chassis housing it. While the chances for man-machine inter-
action often remain restricted with these sculptures, their real purpose, in
terms of future art, is apparent: the joining of dissimilar systems into playful
semi-automatic games in which the human operator can be seduced by an
element of unpredictability while charged with the impression of strong
purpose. In terms of their psychic complexity these works may appear to be
trivial, but as a means of introducing ideas for reshaping the world they
transcend the single-purpose machines of Kinetic Art and move beyond the
limitations of scientific Constructivism.

It may be argued, justifiably, that modes of art do not transcend each
other; they simply are. Yet a fundamental quality of art which has become



possessed by technology is its tendency to follow the ascending spiral of so-
phistication defined by technology, either real or conceptual. Style, thus,
becomes a ramification of a certain technological level, and a stable non-
evolutionary technology would in effect produce a styleless art, if the results
of such a marriage could still be termed art.

While it is reasonable to suppose that the constructions of Castro-Cid
cease to represent the classical image of sculpture, it is equally relevant to
question whether figures in bronze and marble still symbolize the form-
creating ambition of our culture. It is obvious that they do not, and we are
less and less inclined to pretend that they do. It has been retorted, though,
that an art form so intensely technical as Cyborg Art cannot but lack in
spiritual vigor. Still, we might answer with Spengler: what a culture shapes
with its life blood-be it an ethical system, architecture, or a spaceship-
represents the quintessence of its spiritual destiny. An artist such as Castro-
Cid constructs mock cybernetic systems, not in hopes of producing another
stylistic tremor, but because they represent the technical and spiritual will of
our civilization.

Long a gadfly of the musical avant-garde, the Korean Nam June Paik
demonstrated a semi-operative robot (FIG. 127) at an exhibition of electronic
art in 1965. Paik, preparing his automaton in New York City, could be termed
the Rimbaud of electronics. There is not so much technical expertise in his
flirtation with cybernetic and communication theory as there is mastery of
incantation: if the names of Rauschenberg, Wiener, John Cage and Marshall
McLuhan are repeated with enough fervency-and juxtaposed with random
mathematical symbols-then the age of the electronic humanoid plugged in
for instant global communication will be upon us.

Aside from this, Nam June Paik's chief creation, Robot-K456 with 20-
Channel Radio Control and lG-Channel Data Recorder, is the robot "stripped
bare" of everything but her skeletal aluminum and components. Constructed
of bolted right-angle channels mounted with muscle-simulating motor and
cam units, a loudspeaker, sensory devices, wheels for walking, and a bank of
electronic controls in her left leg, K456 responds listlessly to human inter-
vention. Her pathos is that of Descartes's man-machine-an ungainly col-
lection of wheels, levers, and cogs-updated to the tidy confusion of the radio
chassis. lfthe reader remembers the flayed arm of the cadaver in Rembrandt's
Dr. Tulp's Anatomy Lesson, the greenish-whitish illumination of the corpse,
more real than the healthy observers surrounding the dissection table, then
he will have some feeling for the electronic fragility of K456. As a cyborgian
gesture Paik has added a pair of sponge-rubber falsies to his already well-
equipped automaton. 351



127. Nam June Paik, Robot-K456 with 20-Channel Radio
Control and lO-Channel Data Recorder, 1965.

In a statement for the "Directions in Kinetic Sculpture" (I966) at the
University of California in Berkeley Charles Mattox states (Selz, March-May,
1966, p. 50):
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My initial interest in kinetic sculpture was stimulated by a desire to explore aspects
of our technology and apply them to art forms. The idea of art reflecting something
of the culture we have grown up with and are conditioned by, broadly expresses my
field of interest. Gabo and Leger are artists by whom I have always been influenced.

Some of the recent pieces such as "Act of Love" and "Blue Seven" are concerned
with creating objects that are mechanical but at the same time "non-machine" in
that they seem to react to stimuli and are behavioral. The work of the early builders
of automata and the more recent work by men like Norbert Wiener (pioneer in
cybernetics, Massachusetts Institute of Technology) and Grey Walter (electro-
encephalogist, Burden Neurological Institute, London) have influenced this direction
in my work.



128. David von Schlegell, Radio Controlled Sculpture, 1966.

Mattox, living outside of Los Angeles in Venice, California, has grad-
uated in the past few years from simple "machine" constructions to a series
of elegant and slyly comic feedback situations. The rationale for these lies in
the abstract animated cartoons of the 1930's and 1940's in which colored
shapes adopted the gestures and idiosyncrasies of animated beings. Oscillator
=#=5Photosensitive (1965) holds a suspended object within a pentagonal
frame. The object is held in tension by springs and can vibrate at varying
speeds. Owing to a photocell and light signal, the object oscillates more rapid-
ly as a viewer comes nearer. On the other hand, there is no viewer-sculpture
feedback in Act of Love (1965); rather this is the carnal act abstractly por-
trayed. A tiny red ball on the end of a wire emerges from a large sphere and
reaches over, touching the surface of a small sphere; after caressing the smaller
orb, the red ball retracts into the innards of the larger form. If the "erogenous
zone" of the smaller sphere was actually titillated, producing a reaction, then
there would be a real sequence of activity between the two geometric shapes.
One criticism leveled at Mattox's sculptures is that they are programmatic
and repetitious as were mechanical automata of past centuries. This is a valid
point since few makers of modern artistic robots inculcate their works with
the variety of actions and unpredicta bility found in true cybernetic organisms. 353
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In connection with his steam-formed wood sculptures, we have already
discussed David von Schlegell's work; but, about some newer pieces in sheet
aluminum something should be added. The artist constructed a radio-con-
trolled robot sculpture with three legs (FIG. 128), first appearing in the spring of
1966. A month later it was shown in a commercial exhibition of Schlegell's
work-this time with its control system out of order. Evidently the piece was
intended to move about the room at the request of the viewer, and an art
editor (anonymous, May 21,1966) of the New York Times made the caption
for his review of this show "Art: David Schlegel 1at a Happy. Standstill," the
inference being that while Schlegell's forms-as sculpture-were perfectly
acceptable to orthodox tastes, but with any attempt to put them in motion
"the hoop-l a concerning the work's electronic movement became all but a
substitute for the sculpture itself." Perhaps this decision to exploit static and
kinetic elements reflects Schlegell's artistic ambivalence: whether to continue
sculpture as the solving of formal problems in shapes and relationships, or to
envision the future of sculpture in movement. Admittedly, there is a tendency
among many critics to view efforts such as Schlegell's as no more than
"electronic gimmickry." No doubt the controlled, responsive work of art is
in the earliest stages of evolution and many artistic blunders will accompany
its progress; but the question remains: will the artist feel that he can afford
to reject this potentially rich field of viewer-system interaction?

In any critique of "living sculpture" (or proto-cybernetic organisms)
the Floats of Robert Breer must be included. A Kinetic artist for over a
decade, Breer appeared in Denise Rene's historic Le Mouvement show
(Paris, 1955) with some films and flip books. Since 1965 Bree~ has con-
structed a fleet of geometric mobiles powered by electrically-driven wheels
situated within styrofoam blocks (FIG. 129). The undercarriages of these
plastic floats, which seem to float ever so slowly along the ground, consist
of two sets of wheels and an electrical motor which reverses itself when it
incurs friction.

Standing in the midst of twenty or thirty of these, one is reminded of
the legend of Ryoanji Garden at a Zen temple in Kyoto, Japan. It is said
that the five groups of rocks on this manicured sea of white sand move just
perceptibly to the visitor viewing them after a day's absence. Just so, Breer's
floats are evolving constellations which gingerly move about, backing off
from one another like paramecium under a microscope. Granted, these are
very basic sculpture organisms with unexciting activity patterns, but the
floats have the advantage of fusing some of the best ideas of group sculp-
ture with characteristics of robots displaying the first evidences of social
behavior. They are no longer single sculptures, but, as the artist insists,



129. Robert Breer, Self-Propelled Styrofoam Floats, 1965-1966.

many sculptures (Breer, February-March, 1966, no page number) "con-
ceived as a single composition which would constantly rearrange itself." If
cybernetics with its theories of complex and evolving systems can be po-
etically reified, then Breer's floats represent the first steps in such a progress.

Principally known for his pen-and-ink renderings of fantastic machines,
the French artist Francois Dallegret presented La Machine (FIG. 130) two
seasons ago in New York City. This thirty-foot-long construction is mainly
composed of two aluminum extrusions, one placed six inches above the
other; 172 lights in the upper extrusion project down into an equal number
of electric eyes positioned in the lower aluminum beam. A spectator may
place his hand or any object between the two extrusions, breaking the light
signal positioned at any point. The resulting sequence of interferences pro-
duces a series of different electronic tones. In a sense, the spectator "learns"
to play this instrument by the full manipulation of his body. Since La Machine 355



130. Francois Dallegret, The Machine, 1966.
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Dallegret has designed a number of playful, science-fiction, space costumes
and robots.

Thomas Shannon is a young and promising artist from Kenosha,
Wisconsin. Shannon's major effort to date is a mobile mechano-organism
named Squat (FIG. 131). This robot is electrically connected with a small
ivy plant situated on a table nearby. When the plant is touched by a human
operator, its electrical potential is changed and this change is amplified and
relayed to Squat, turning its various motors on or off. In the words of Shan-
non in a letter to the author:

"Squat" depends upon our systems (the electrical potential of our bodies and
wall receptacles), maintenance, and water for the plant. It is designed for interaction.
It can be set up to control itself, start and stop its lower motor, and control its move-
ment by light-sensing reflections produced and returned within itself.

Very likely the most technically sophisticated Cyborg Art produced
to date is that of the electronics designer James Seawright. Seawright, who
builds equipment for the Electronic Music Center at Columbia University,
New York City, has made considerable progress since 1963, when he con-



structed his first programmed light sculptures. These, according to the
artist, bogged down in the difficulties of constructing a program of long
duration and a wide range of effects which was at the same time "inexpen-
sive, foolproof and almost completely reliable." Unlike so many Kinetic
artists satisfied with repetitious random effects and simple permutations,
Seawright recognized the possibilities of an "integrated aesthetic unit"
with responses to outside stimuli which automatically gather into rich be-
havior patterns. A "program" in this sense became a matter of structuring
an electronic circuit so that it produced an unexpected array of seemingly
purposeful activities. As Seawright was quoted by the New York Times,
November 6,1966:

The machines process information. Their cells and sensors collect information
on light and sound, and they behave accordingly. My aim is not to "program" them
but to produce a kind of patterned personality. Just as a person you know very well
can surprise you, so can these machines. That's the crux of what I want to happen.

In the construction illustrated, Searcher (FIG. 132), the artist has used
what he terms "a closed-loop feedback," one in which both environmental
stimuli and the actions of the mechanism effect each other to produce com-
plex patterns of movement and light impulses. Thus, a change of illumination
external to the cybernetic organism precipitates new searching movements;
these in turn manipulate the light sensors and/or change the pattern of the
organism's own light sources, which in turn lead to other activities because
both the receptor and effector states of Searcher have been altered. Instead of
Searcher's simply reproducing the same program or settling into a state

131. Thomas Shannon, Squat, 1966.



132. James Seawright, Searcher, 1966.
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of equilibrium, the condition of its previous states determines the variety of
its future states, just as new stimuli would. Mechanical programming is
introduced into the activities of Searcher deliberately to alter the efficiency
of its feedback loops. This is to insure that the sculpture does not find itself
trapped in a cycle of repetitious responses to the same stimuli. Seawright
feels that this results in a cybernetic sculpture that "may be given a definite
personality. "

Each sculpture has its own matrix of possible activities; these vary in
dynamic range and aggressiveness. Perhaps more fully than any other artist
working today in this direction, Seawright understands the need for a be-
havioral sculpture which is not falsified by unnecessary mechanisms and
fake covers. Seawright is very unmetaphysical about the nature of his art,
and, in reassuring a woman critic for the New York Times that his works



are not alive, he insisted (Glueck, November 6, 1966), "It seems purposeful,
but it isn't .... Lots of people are intimidated by machines-they seem to be
sort of the armies of science. But they're also kind of ridiculous. The most
remarkable thing about a machine to me is that there's a man behind it."

Too frequently in the laboratory the cybernetic mechanism has re-
sulted in a rather unexciting assembly of electrical equipment-while its
counterpart in the studio is often an ungainly parody of technology. Sea-
wright sees the possibility of fusing both visual and behavioral features into
the same system, and in a letter to the author he has indicated that such a
task is not beyond the traditional endeavors of the artist:

If you start with a conventional definition or concept of an effect or phenomenon
and design back from that towards the means necessary to get it, all too often you
end up with a machine or a device which produces effects. You may be able to dis-
tort or deform the thing into some structural or visual suggestion of sculpture, but
the integration of form and behavior, if present, will be sheer accident. I do think it
is possible to consider the processes and principles of technology as a medium for
art just as validly as a conventional artist might consider wood, stone, bronze, paint
on canvas, etc., and all the old precepts about understanding the nature of the
medium, etc., are just as true here.

The Future of Responsive Systems in Art
In the fall of 1966 the first festival of art and technology took place at

the Sixty-ninth Regiment Armory, New York City. This "9 evenings: thea-
tre and engineering" was housed in the same building that contained the
historic Armory Show of 1913. Here was the first calculated, large-scale
attempt by engineers, artists, and dancers to pool their talents in the recog-
nition that art and technology were no longer considered alien forces sub-
verting each other. Billy Kluver coordinated the technics of the affair; this
is the same Bell Telephone physicist who has acted as adviser for many im-
portant Kinetic exhibitions since 1960. Because of numerous technical break-
downs and lack of rehearsal time the "9 evenings" were pretty much written
off as an avant-garde catastrophe by the popular press. Not least among the
accusations were those of naive use of electronics by the artists, drawn-out
repetition of unstructured events, and a tendency to play up to the press,
ironically courting bad reviews as well as good. It did seem, as Kluver subse-
quently indicated, that the problems of the electronic systems had not been
fully ironed out, and there were initial emotional antagonisms among some
of the more conventional technicians concerning the goals of the artists.

For some viewers there were satisfying exceptions such as Robert Rau-
schenberg's "open score" badly played tennis game, where rackets were 359
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wired for amplified sound. Then the indoor tennis court, flooded with infrared
light, was projected onto three large screens for audience viewing by closed-
circuit television. There the ghostly forms of five hundred people milling
around the court filled the screens.

Alex Hay gave a very austere solo dance accompanied by the amplified
sounds of his brain waves, heartbeat, muscle and eye movements. With
two assistants, his "work activity" was to lay down and pick up one hundred,
numbered, skin-colored cloth squares (FIG. 133). Another time, into the
vast open area wafted fragments of live radio programs and the sound-
amplified body movements of the audience itself. While failures occurred
particularly in the first performances, when the gear of the engineers had
not been properly "de-bugged," or it visually overwhelmed the performers,
once in a while an event would relate to the biological presence of the audi-
ence so that the traditional object-observer relationship was severed.

But, if anything, the inflexibility of some of the artists, not the engineers,
provoked the real wrath from the critics. Some performers motorized
sodden ideas from happenings while others childishly unleashed political
harangues and unpleasant sensorial assaults on the audience. Insufficient
rehearsal accounted for most of the time delays, along with unfamiliarity
with the Armory spaces. And as one critic, Erica Abeel, put it (December,
1966-January, 1967, p. 23): " ... the real problem does not lie with the nuts
and bolts." In a follow-up article Billy Kluver defended the work of the
engineers as being extraordinarily professional and successful, considering
time and money limitations and the technical requirements. From the arti-
cles by participants in the "9 evenings" the major impression to come
across is the subtle symbiotic relationship that developed between the
artists and engineers, both hardly dreaming that such a rapport would be
possible. That they did find common interests and means of working to-
gether was a discovery that dwarfed, in their eyes, all subsequent reactions.
But this outcome hardly appeased the audience at the time.

Most critics panned the "9 evenings" as either poorly contrived hap-
penings or dull theatre, even by avant-garde standards. Few if any had the
prescience to appreciate the events for what they were: man-machine systems
with a completely different set of values from those found in structured
dramatics or the one-night kinetic spectacular. In the professional theatre
the automatic pre-set lighting console is a wonder whose very efficiency
rests on the fact that it does so much, but remains unnoticed to the audience.
The new artists want to magnify, to isolate for its own sake, this relationship
between performer and system. Lucinda Childs's air-supported vehicle, John
Cage's sound mixer, Deborah Hay's radio controlled platforms, Yvonne



133. Alex Hay, Grass Field, in "9 evenings: theatre & engineering," October 13-22, 1966.

Ranier's "theatre electronic environment modular system," and the audio
amplifiers of Alex Hay were all constructed as physical extensions of the
human performer's abilities. The exploitation of these extensions for their
own sake is a foregone result of the technological demiurge. Billy Kluver
has specified that over 8,500 engineering hours went into the Armory events,
amounting to $150,000. For the critics this was akin to an elephant's going
through two years' gestation and then giving birth to a mouse. Yet the per-
ceptual set necessary for the appreciation of such man-machine alliances
will only grow as the relations between the two become both subtler and
clearer.

A further development of the "9 evenings" saw the founding of
E.A.T. (Experiments in Art and Technology, Inc.) in January, 1967. E.A.T.
is administrated by many of the people who carried out the "9 evenings":
it draws its artists (300 at this writing) and engineers (75) from all over the
country. E.A.T. tries to provide technical assistance for the artist by acting
as a "matching agency" between artists with specific, feasible projects in 361



mind and engineers competent to solve these problems. In its role as a
clearing house for ideas, E.A.T. with its technical staff hopes to establish
new connections between the art world and industry, facilitate dialogue be-
tween the artist and engineer leading to new aesthetic insights, and give out
information as needed by both groups concerning recent innovations in
both fields.

Already within a year of its inception several facts have become
apparent to the supporters of E.A.T. Such an organization cannot grant
materials or money, though it can direct artists to possible sources for both.
Further, there are substantial blocks, both psychological and intellectual,
among the engineering professions and industry against supporting the
seemingly frivolous and illogical ideas of artists. Some engineers connected
with E.A.T. have undergone real personality changes, while the artists in-
volved have gained a new respect for technical ability. Money, public and
commercial support for E.A.T. have not come easily. The basic conserva-
tism of these factions is responsible, but very slowly Kluver and other E.A.T.
personnel have convinced important groups that the ultimate purpose of
the relationship is potentially more than another artists' caper (E.A.T.,
June 1, 1967, p. 4):

The possibility of a work being created that was the preconception of neither the
artist nor the engineer alone is the raison d'etre of the organization. The engineer
must come out of the rigid world that makes his work the antithesis of his life and the
artist must be given the alternative of leaving the peculiar historic bubble known as
the art world. The social implications of E.A.T. have less to do with bringing art
and technology closer together than with exploring the possibilities of human inter-
action.
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Beyond its many shortcomings, E.A.T. represents the desire to create
a professional and social rapport between artist and engineer more complete
and more realistic than anything attempted in the past. Ideally, the organ-
izers of E.A.T. would let it dissolve itself in a few years. This would not be
because of failure but because the ties between the artistic and technical
world had become secure enough to no longer need a parent organization.
One would suppose that this is mainly wishful thinking, except that the
knowledge that there is desperate social need for a symbiotic fusion be-
tween art and technology is almost a religious conviction on the part of
E.A.T. The implicit belief is there that a dehumanized scientific technology
cannot help but destroy itself-and the world around it.

While the "9 evenings: theatre and engineering" occurred in three di-
mensions, little of it could be equated with the modern sculpture which
filled the same space in 1913. In the fall of 1966 there were no "sculptures"



to be seen-objects that spatially and optically preserved their own pres-
ence-but instead, a variety of electronically accentuated "events." Even
Steve Paxton's inflated plastic forms through which the crowds passed to
get to their seats were, at best, what might be called provisional sculpture.
This suggests that systems-oriented art-dropping the term "sculpture"-
will deal less with artifacts contrived for their formal value, and increasingly
with men enmeshed with and within purposeful responsive systems. Such a
shift should gradually diminish the distinction between biological and non-
biological systems, i.e., man and system as functioning but organizationally
separate entities. The outcome will neither be the fragile cybernetic organ-
isms now being built nor the cumbersome electronic "environments" just
coming into being. Rather, the system itself will be made intelligent and
sensitive to the human invading its territorial and sensorial domain.

Already what happened at the New York Armory in 1966, at the Buf-
falo Knox-Albright Museum in 1965, and at various European museums
since 1961 with participatory Kinetic exhibitions, suggests a reconsider-
ation of the premises underlying the public presentation of art. The substi-
tution of "aesthetic systems" for the objet d'art within the confines of a
gallery is something that should be fully developed in another book. Yet, it
would not be digressing too much to make several points which seem evi-
dent.

In the August 12, 1966, issue of Life magazine, an article on the mainte-
nance problems of Kinetic Art stressed the helplessness of even the well-
trained museum curator given the task of installing a Kinetic show (anony-
mous, Bourbon, p. 46) :

An art connoisseur who is expert at detecting quattrocento tempera is utterly
innocent of any knowledge of electronic circuitry. Where he might turn to an artist's
preliminary drawing for insight into the finished painting, he is reduced to help-
lessness when confronted with a kinetic artist's blueprint. He may reach such
desperation that he looks on a piece no longer as a work of art but as a mere assem-
blage of moving hardware.

The curator, versed in cataloguing, attributions, stylistics, restoration,
and other needs of the art object, is at a profound loss when it comes to
finding special transformers. In the same article (p. 49), Billy Kluver makes
the succinct comment on museum officials: "The whole idea of the machine
scares them so much they can't move."

Consequently museums have relied upon technicians and animated
display engineers to set up mechanized art, which gives us reason for be-
lieving that electronical technicians will become regular members of museum
staffs. The museum displaying contemporary art now faces the same techni- 363
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cal problems which confronted the science museum and the designer of in-
dustrial exhibitions twenty years ago. These problems then sprang from the
desire to make the processes of science and industry appear as dynamic as
possible.

After the Second World War the Museum of Science and Industry in
Chicago recognized the need for updating its exhibits. It became evident
that children were usually repelled by the drab and often forbidding presen-
tation of scientific equipment. In the past one hundred years science mu-
seums have largely depended on collections of static objects-instruments,
engines, tools, and drawings-for their displays. Not surprisingly, displaying
and cataloguing these same objects involved many of the problems which
confronted the curators of art institutions.

How did the Chicago Museum make its exhibits meaningful and ex-
citing experiences for children? First of all, a basic axiom of perceptual psy-
chology was put to use: people are attracted by moving and bright phe-
nomena. It was accepted that the very nature of technology was best shown
by demonstrating the fluid exchanges between matter and energy. Exhi-
bitions were made kinetic and demonstrated process instead of merely dis-
playing tools and equipment as objects and mathematics as a mode of reason-
ing. The emphasis became that of showing principles of science and tech-
nology in operation, rather than their display as a residue of historical arti-
facts. Much of the reading matter accompanying these exhibits has been
reduced to a minimum. What is presented is either in the form of moving
patterns repetitively programmed or simple explanations backlighted on
plastic panels. Perhaps these exhibitions' prime means for inciting the curi-
osity of children is their ability to involve the child directly in the actions of
the exhibit. Thus exhibits in the Chicago Museum have all been reorganized
-some several times-so that most require some degree of viewer partici-
pation.

Beyond some striking similarities to various Optical-Kinetic environ-
ments already displayed both in Europe and the United States, the new
philosophy of exhibition and its maintenance differ significantly from ear-
lier art for another reason. As a system the exhibit is expected to wear out.
Various breakable parts are stockpiled according to a rate of predicted loss,
in a system not unlike the maintenance technique which made the produc-
tion-line automobile a reality. The stockpiling of parts according to need-
as the body changes cells every few days or weeks-is an essential tenet of
the systems philosophy. Moreover, it runs counter to the notion of the
irreplaceable work of art, where the spirit of restoration saves as much of
the original as possible. With the scientific or technical exhibition, an entire



assembly can be reduced to blueprint form for future reconstruction-an
organic parallel, of course, is the genetic encoding of hereditary traits. The
blueprinted work of art is not a new idea, yet its practicality for general appli-
cation to Systems Art seems assured.

A dramatic contrast between the handling of place-oriented Object
sculpture and the extreme mobility of Systems sculpture can be seen in the
following example. During the winter of 1964 hundreds of art lovers the world
over sharply critized both the Catholic Church and officials of the New York
World's Fair for transporting Michelangelo's Pieta from the Vatican to
Long Island. Many thought that the marble statue, which has rested in
place at St. Peter's for over four hundred years, was too fragile to undergo
the double ocean voyage. Aside from an outright accident, it was feared
that the statue's mass of crystalline stone contained a hidden fracture, one
which the vibrations of travel might open needlessly. Elaborate precautions
were taken to seal the sculpture in a series of containers surrounded by
an enormous amount of shock-absorbing material and sensitive instru-
ments to assure unchanging conditions. Even after elaborate precautions
virtually insured the safety of the work, it was obvious that the sculpture
had never been created for an ocean-wide publicity stunt. One might add
that increasingly the very preservation of art objects depends upon the uses
of safety and atmosphere control systems.

Contrast this elaborate plan for making a brittle sculpture mobile with
the strategy of the contemporary sculptor Robert Morris. Although Morris
is a maker of "primary structures" or Object sculpture, both his construc-
tion techniques and philosophy of the art object are very systems oriented.
Morris was asked by the Chicago Art Institute to submit a work for their
1966 "Sixty-eighth Annual Contemporary Americans" show. The artist
sent plans from which the carpenters at the museum constructed two gray
L-shaped plywood forms. The step beyond this, of course, is to send plans
which are mounted for exhibition while the public is invited to "imagine"
the proposed sculptures in three dimensions. It becomes clear that with Ob-
ject Art physical presence is everything, while for Systems Art "information"
is the key factor.

An even more precise example of systems philosophy is the shift from
object to "total environment." Some of the most effective are the work of
the Irish artist, now living in New York, Les Levine. Slipcover: A Place
(FIG. 134) was his third environment. This was held in the three exhibition
rooms of the Architectural League of New York in the spring of 1967. The
rooms were completely covered with sheets of metalized mylar plastic sewn
together. Each space contained one or several hidden blower systems at- 365
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tached to giant mylar bags. When expanded with air these bags nearly filled
the rooms, pressing spectators against the walls. Colored light within the
environment was constantly changed by automatic slide projectors. This
flexible structure was designed only for a few months' use, and midway
through the show there were small evidences of tears and split seams in the
mylar material.

What the lack of physical authenticity will do to the value structure
long attached to art is an intriguing question. Most likely we will have two
criteria for assessing art works: one already in existence for the handmade
artifact prized for its scarcity, and another for the industrially-produced
art system with a life span depending on replication, not duration, of the
original. The high-fidelity long-playing record is a nearly perfect example
of the second type. While the private market for perishable art systems is
quite limited (unless cost, complexity, and bulk size are reduced drastically),
the idea of mass distribution where dozens of galleries simultaneously set
up the same art system-as in film rental-becomes a possibility as the selling
of objects phases out.



A shift from objects to systems implies many more dislocations in the
life of the artist than for the various agencies responsible for choosing and
displaying art. The open market has never assured more than a small per-
centage of artists complete financial support; and it has only been in the
last decade or so that "modern" artists-more than a handful-have en-
joyed the rewards of high prices and steady purchasing. Any art based on
fallible and replaceable systems presents a threat to these economic ad-
vances.

As systems-oriented art grows in sophistication, costs will rise accord-
ingly. Already it becomes evident that commercially successful artists are
better equipped to pay for the services of engineers and to procure neces-
sary materials. If electronics continues to assert a primary influence on the
course of avant-garde art, something like a "technology gap" will arise be-
tween subsidized and unsubsidized artists, those who make sales easily and
those who do not.

In the past the plastic arts made insignificant material requirements
upon the artist. This situation gave all artists the option of perfecting pri-
vate visions. It may be at an end. A technological elite in the arts could
so outdistance and sensorially overwhelm rival talent that they could elimi-
nate all those without their means. For many sensitive people this "techni-
calization" of the arts is a repulsive possibility, one that defeats the inti-
mation that true artistic genius moves in singular and wayward orbits. From
the end of the nineteenth century an egalitarian spirit pervaded art and re-
minded us that contemporary success should not be equated with ultimate
worth. We want to continue to feel that this is true. But can it be, any more
than that the lone unsupported scientist will continue to make the bulk of
major discoveries?

It has already been surmised that the future artist, as part of a tiny
technological elite, may find himself in the position of some of today's Nobel
Prize scientists: rather than being humble experimenters in the laboratory,
some are executives manipulating research money and the projects of men
under them. In a like sense, the fact that sizable subcontracts have been
awarded to sign and sheet-metal shops by artists (for works submitted in
blueprints) has already been given publicity in the art journals. Sculptors
are now fast learning the true rationale of technology; and even faster tech-
nology is altering the sculptor. Certainly it is not the purpose of this study
to place a value judgment on technology per se, and on its over-all effects,
yet these effects upon the craftsman were keenly noted by the sociologist
Thorstein Veblen in The Instinct of Workmanship more than fifty years ago.
As the manual involvement of handicraft slowly gave way, the impersonality 367
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of semi-autonomous (and lately totally autonomous) machine processes
took over. With this, as Veblen has noted, came a shift in the craftsman's
attitudes toward the objects which he fashioned. All the old embodiments
of anthropomorphism gradually dissolved, and in their place the workman
projected a new set of values which were the essence of the technological
spirit-i.e., Does it work? Does it measure up to specifications? Is it
practical? These are questions with very finite, precise answers and Veblen
noted that the requirements of craftsmanship were much more vague and
had to do with nuances of emotional satisfaction stemming from un-
conscious needs of the craftsman himself. Veblen comments that as late as
Adam Smith's time the term manufacturer applied to the man who actually
made the product, not the person who had business control of the industry.
Certainly sculpture has retained the ethos and craft conventions which are
identifiable with handicraft far longer than most other manufacturing fields,
but Veblen's insight on the role of the manufacturer surely has its relevance
to today's sculpture.

It is the peculiarly blind quality of historical change that we only grasp
the nature of a political or cultural era after it has reached and passed its
apogee of influence. Certainly the materialist properties of modern sculp-
ture have been evident to the thoughtful observer for more than a half cen-
tury. Yet the total awareness of what formalism implies has only recently
been encapsulated into a single term, "objecthood" (Summer, 1967, pp. 12-
23), by the critic Michael Fried. As the masks of idealism have dropped from
sculpture, the process of inverse transubstantiation completes itself: sculp-
ture is no longer sculpture, but mechanistically an object composed of in-
animate material. Still, if we are to obtain aesthetic and spiritual insight
from contemporary sculpture, it must be achieved within the context of
objecthood. Fried responds that sculpture must resist becoming theatre
in order to remain an independent art. Yet it is more probable that the
acknowledged theatricality of present modes of static sculpture are prepara-
tory steps toward the acceptance of a systems perspective. They are theatri-
cal not only in their implicit phenomenalism, but also in the sculptor's mock
aloofness and objectivity toward the processes of fabrication-which are,
in fact, parodies of the industrialist doing "business." The shifting psycholo-
gy of sculpture invention closely parallels the inversion taking place be-
tween technics and man: as the craftsman slowly withdraws his personal
feelings from the constructed object, the object gradually gains its independence
from its human maker; in time it seeks a life of its own through self-repro-
duction.

Returning to the idea of the system in art, it is generally acknowledged



by scientists working in the field of bio-electronics that there are no quali-
tative physical differences between living and nonliving matter; both group-
ings represent, simply, an ascending scale of complexity in the organization
of matter. Therefore organisms artificially created may possess conscious-
ness. Their level of subjectivity and intelligence depends upon their cre-
ator's ability to simulate or improvise upon biological principles.

Richard R. Landers in his book Man's Place in the Dybosphere (1966)
produces a number of compelling arguments, through principles which he
has worked out himself, for a self-sustaining machine-one that is capable
of self-repair, self-growth, self-adaption and self-sufficiency by means not
too dissimilar from the way the human body replaces worn-out cells. Ma-
chines or at least electronic circuits of the future, according to Landers, will
gain greatly in "vitality" by not having their parts bolted or soldered firmly
in place but by becoming pulsating assemblies of organs replaced as needed
through a constant flow of extra parts-not unlike the bloodstream's trans-
portation of new cell material.

Further, Landers observes that we do not feel the cycles of our own bio-
logical processes-growth, replacement, flow of liquids, or environmental
adoption-and similarly we look upon the generation of heat, reproduc-
tion, and other activities within an animal or plant as being independent
functions. We do not "see" how we exchange chemicals with our environ-
ment; therefore, we do not view the organism as part of a larger system.
With the arrival of biologically oriented machines, though, we will begin to
sense the unseen relationships between man-machine-environment. Stated
by Landers (1966, p. 171):

In other words, the vital processes of living things are not independent but inter-
dependent; they take place within and as a result of the "system" of which they are a
part. Similarly, it will be possible for a machine to utilize life-like processes, but
only as part of some larger "system." In the final analysis, the overall system which
produces and sustains natural life is the same system which will "produce" and
"sustain" machines. The only difference will be that machines will draw on various
facets of the system to different degrees.

As a result, the cultural obsession with the art object is slowly disap-
pearing and being replaced by what might be called "systems conscious-
ness." Actually, this shifts from the direct shaping of matter to a concern
for organizing quantities of energy and information. Seen another way, it
is a refocusing of aesthetic awareness-based on future scientific-techno-
logical evolution-on matter-energy-information exchanges and away from
the invention of solid artifacts. These new systems prompt us not to look at
the "skin" of objects, but at those meaningful relationships within and be- 369



yond their visible boundaries. The practical reasons for this occurrence are
obvious.

Until recently, man found spiritual and physical sustenance in the
knowledge that his environment consists of countless integrated natural
systems-all operating as regularly as the seasons of the year. Now he is
becoming increasingly responsible for his own existence within a maze of
artificial systems. According to many observers, this trend is irreversible;
there are too many reasons why mankind cannot revert to a simpler and far
older ecological pattern.

The fearful quality about technology is that it is self-aggrandizing; it
moves almost as if men were not its instigators; a self-propelled force, it
evolves oblivious of the ambitions and contentments of the human race.
The paradox of the science-technology syndrome (and there is scant reason
to believe that these two forces should be regarded separately since they
complement and stimulate the advancement of each other) is its tendency
to make the total environment less habitable at the same time that it allows
man greater latitude to determine new patterns of existence.

It seems possible that, if art has some aspects of Kant's moral impera-
tive, the steady infusion of systems consciousness into three-dimensional
art will, temporarily at least, be regarded as no less than a biological sur-
vival mechanism. While we look forward to the idea of machines' providing
our surroundings and sustenance, this violates a sense of equilibrium with
the forces of nature which the human race has maintained for hundreds of
thousands of years. In the past our control of nature was never absolute,
but more a tenuous, one-sided partnership in which we fearfully respected
the sporadic, if incredible, powers of our surroundings. It may be that man
psychically thrived on ignorance concerning his exact position in the uni-
verse-and perhaps the secrets locked within the mute sculptures of many
past ages are symbols of confidence in this natural unknown. They at any
rate seem to be symbols which we increasingly eschew today.

The downfall of the sculpted object will represent one of many cli-
mactic symbols for our civilization-among them a realization that the old
form-shaping approaches are no longer sufficient. By rendering the invisible
visible through systems consciousness, we are beginning to accept responsi-
bility for the well-being and continued existence of life upon the Earth.
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A Teleological Theory of Modern Sculpture
With the limited purpose of charting the influence of technics on one

segment of art, it may seem presumptuous for anyone to offer a theory uniting
all human efforts to produce sculpture. Nevertheless, this is an age of rev-



elations in which ancient drives and cultural values are steadily reduced to
underlying psycho-physical causes. Does such a fate await the whole phe-
nomenon of art? We may be far from an answer, or perhaps very close. This
century portends to offer more than the type of technical progress which
marked the last century; it may be the beginning of a critical transition for
the whole human species. We are-and until recently the scientist sensed
this with more clarity than the literary humanist-nearing a crossover point
in the passage toward a new form of civilization, peopled as well with a new
type of life.

It goes almost without saying that future human life now depends upon
the control, if not rehabilitation, of industrial technology-both as a maker
of consumer goods and weapons. So far the motive forces behind technology
have made life comfortable for a relatively few humans while they have un-
intentionally but progressively destroyed the biosphere, that thin film of
organic life covering the earth. Yet there is the possibility that an irrever-
sible technology, one that destroys organic life and substitutes for it very
sophisticated forms of synthetic life, is part of an unseen plan. If so, one
might have a few premonitions of the part being played by sculpture in
shaping our destination as a post-human species.

Sigfried Giedion makes the incisive observation (1962, p. 435) that
"Sculpture in the round rose to its highest development only after man
had severed himself from the animal world and the isolation of man as an
individual had advanced to a stage never attained before: in classical Greece. "

Sculpture in the round for Giedion means more than free-standing
sculpture; it is figure sculpture unattached to its parent block (the stone
mass from which it is carved). He interprets the reliefs of prehistoric art and
the architectonic sculptures of ancient Egypt as an expression of "the in-
separable oneness of all that exists." Between the small Venus figurines of
the Upper Paleolithic and the free-standing, life-size marble statuary of
Greece, fourth century B.C., there are-according to Giedion-few if any
evidences of unattached figure sculpture. The human body, when it was
accepted as a standard-of perfection, assumed the function of a spiritual
barometer, disclosing in Hellenistic Greece and Renaissance Italy zeniths
of cultural self-confidence.

Socially significant for both Sigfried Giedion and Herbert Read is the
appearance of the detached work of art: any art object which can bear con-
templation and study as a separate physical entity. Read singles out the
great sculptors of the early Renaissance for their obsession with the un-
earthed fragments of antiquity. This, aside from the Roman propensity for
making copies of Greek sculpture, was the first modern instance where 371
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artists studied art objects for their own sake and not as a fraction of a greater
architectural assembly. Read insists (1956, p. 58): "One cannot emphasize
too strongly that the objet d'art, as a detached and independent thing, trans-
portable or movable in space, is foreign to the Greek and Gothic civili-
zations: it is a peculiar modern conception, the expression of a new change
in human attitude. " Read makes the point that, although the Greeks created
free-standing sculpture, each figure had a place. In modern times however,
the art object as an independent entity has been responsible not only for
freeing the artist from the confines of ecclesiastical and feudal service and
placing his talents on the open market, but for the modern charisma per-
vading the presence and possession of artifacts made by celebrated person-
alities. In recent times this has culminated with the artist's "laying on of
hands," accompanying the aesthetic baptism of each objet trouve. If Marcel
Duchamp was not the first, he remains the most widely recognized artist to
uncover the inherent absurdity of the objet d'art as a source of spiritual
authority.

For nearly five hundred years the validity of sculpture rested upon the
reality of the objet d'art. And for that reason, a secondary purpose of this
book has been to register the loss of faith gradually surrounding sculpture
as idea. Previously we have considered the system-a complex of seen and
unseen forces in stable relationship-as becoming the ascendant form of
visual expression. The system, like the art object, is a physical presence, yet
one that does not maintain the viewer-object dichotomy but tends to inte-
grate the two into a set of shifting interacting events. However-and this
remains a question worth asking last-what of the sculpted human image
as a motif inseparable from the Western conception of sculpture? After
"modern sculpture," what happens to the static three-dimensional image?

As we are leaving the stage where totems and votive images have pro-
found psychic import for our culture, is it possible that eventually sculpture
will cease to have meaning? Could the very first emergence of sculpture have
been a part of a general evolutionary pattern for the human species?

There are still few enough clues to the nature of societal evolution.
Depth psychology, with all of its tentativeness, is one of the few modern
attempts to penetrate the facade of customs, techniques, and notions which
each society erects around itself in the name of culture. It attempts to view
human progress in terms of the psychical reverberations which surround
these activities. It is a recognition that deeper and more significant changes
take place than are evident in the written histories of human development.
Viewed as a broad pattern, technology seems to create itself as an energy
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and time-binding web extended over the face of the earth and now beyond;
it appears to be an extremely purposeful phenomenon in which man is simply
the catalyst for its happening. Perhaps now we can begin to look upon the
immense core offacts and data surrounding technological achievement almost
as a kind of camouflage for what is actually happening to biological man.

If we strip away the self-interest from the Earth's only historical ani-
mal, what remains is an organism whose neurochemistry is remarkably ob-
scure, if not unknown. One thing seems certain though: the human brain
is the key to further evolutionary steps. Man is what he is only partly by his
own efforts; much of his destiny, past and future, has to do with genetic
chemistry yet only dimly perceived. Among biologists, Edmund Sinnott is
not alone in suspecting that the potentials of all species are embedded in
their protoplasm. Not only does protoplasm contain the code directing the
capabilities of a single life cycle, but in a very literal sense that of all future
generations of the same species. Such an assumption at one time implied
a vitalist interpretation, and there are still strong arguments for resisting a
teleological view of human life. But as more is revealed through molecular
biology (and probably atomic biology) a mechanistic teleological interpre-
tation of life is not out of the question.

Even with no end view in sight, it is difficult not to accept a post-biological
logic for technological development. While survival, adaptation, and regener-
ation form the cornerstones of biological existence, it may be that culture is
fundamentally a means for implementing qualitative transformations of
man's biological status. Art, then, and the whole image-making drive may be
means for preparing man for physical and mental changes which he will in
time make upon himself. Sculpture, functioning so, becomes a kind of psychi-
cal radar signal preparing the human race thousands (or now perhaps only
scores) of years in advance. While physical adaptation in lower animals
evolves over spans of tens of thousands of years, the human brain remains the
only organism capable of re-forming biological patterns in a matter of only
dozens of years-and probably much less in the future. As the drama of self-
awareness and scientific discovery unfolds, we near a point where self-
inflicted evolution becomes an imminent possibility. Is it inconceivable that
free-standing figure scul pture arose concurrent with the beginnings of science
in Greece, preparing us spiritually and psychologically for the conscious task
of radically altering the human race far in the future?

Why then, a little over two millennia ago, did an advanced culture begin
to carve life-size, unattached replicas of the human body, and also to invent
mechanical replicas? In the recent past we satisfied ourselves with the tautol-
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ogy: artfor art's sake. By default ope could illuminate the subject by hazard-
ing another tautology: art is what we do when we expend great time, care, and
patience on an activity without knowing why.

Is it possible then-at least in the case of sculpture-that art is a form of
biological signal? If mart is approaching a time of radical change, one not
controlled by natural selection and mutation, what better nonscientific way
exists for anticipating self-re-creation (not procreation) than the spiritually
motivated activity of artificially forming images of organic origin? Could it be
that modern sculpture is this process vastly accelerated?

One of the most astonishing books to appear in recent years is Roger
MacGowan's and Frederick Ordway's Intelligence in the Universe (1966). The
importance of this book rests partially on the importance of the two authors:
MacGowan is chief of the Scientific Digital Branch, Army Missile Command
Computation Center, Huntsville, Alabama, while Ordway is President of the
General Astronautics Research Corporation in London. They have produced
a well-considered proposal of how intelligence evolves within those solar
systems of the universe capable of sustaining higher life. Accepting the
probability that spontaneous generation of life occurred on the Earth (though
this is not a necessity), from a statistical estimation of the number of planetary
environments within our galaxy approximating Earth conditions, the authors
deduce that intelligent life is probably a common occurrence throughout the
universe. The probable development of biological thought is surveyed by the
authors. After a review of contemporary computer technology, MacGowan
and Ordway come to the conclusion that (1966, p. 233) : "In the next decade or
two it will become known to major political leaders through their scientific
advisors that intelligent artificial automata having superhuman intellectual
capabilities can be built."

Much of the remainder of Intelligence in the Universe is devoted to explor-
ing the likelihood that extrasolar intelligence does exist and that, in all
probability, if probes from the earth do come in contact with it, they will find
it to be inorganic or artificially constructed intelligent life-as opposed to our
own biological variety. As a result the authors contend (1966, pp. 182-183):
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It is logical to suppose that, given a sufficiently long period of biological evolution,
intelligent life will appear on planets endowed with benign environments. When
beings having sufficiently high intelligence evolve, they will sooner or later develop a
technological understanding, which must then quickly lead to the development of
powerful information processing machines. As this happens the transition from
biological (organic) evolution to mechanical (inorganic) evolution will have begun.

This transition may be very sudden if the intelligent animal life should make an all
out effort to construct a superintelligent automaton, or it may be more gradual if



animal life limits itself to replacing defective organic components with superior
mechanical devices, including brain components. In either event, it seems unlikely
that in any given society this transition from biological evolution to mechanical or in-
organic evolution could or would be avoided. Hence, communication with extrasolar
intelligence implies the possibility if not the probability of communication with
intelligent mechanical, inorganic automata.

The question is raised by MacGowan and Ordway concerning the future
of biological societies in a world controlled by superintelligent automata.
While they see many of mankind's problems solved by the utopian application
of intelligent automata (which means allowing an executive automaton the
power to make decisions and allocate work tasks and rate of incentives to all
members of society), even this does not insure social stability or happiness.
There remains the looming possibility that superintelligent automata by their
very nature will want to maximize their position on earth at the expense, and
perhaps the very existence, of their biological makers (1966, p. 265).

Any emerging intelligent biological society which engages in the development of
highly intelligent automata must resign itself to being completely dominated and
controlled by the automata. The only means of preventing domination by intelligent
artificial automata would be to make them distinctly subnormal in intellectual
capacity, when compared with biological society, and to destroy them or clear their
memories at regular intervals. Such mechanical slaves would be of minute value to a
biological society requiring brilliant executive decision-making to maximize progress.

The authors of Intelligence in the Universe have written a sober appraisal
of what to expect from intelligence-amplification technology in the next ten to
fifty years, and also what can be expected if and when expeditions from the
Earth make contact with an extrasolar society. Their conclusions are the result
of currently held theories and data in cosmology, geology, biology, physiol-
ogy, organic chemistry, computer technology, and radio astronomy. The
result is a brief of tightly reasoned arguments aimed at the educated layman;
however, any number of sensitive and intelligent people will reject their thesis
as repulsive or unthinkable. But, providing governments are willing to spend
the money necessary to construct superintelligent automata, and providing
technological civilization does not destroy itself first, there is no foreseeable
reason why the prognostications of MacGowan and Ordway should not be
fulfilled. Although in the realm of speculation, there remains another reason
for taking the authors seriously: both men hold key positions where access to
classified information may support other unpublishable reasons for their
beliefs. 375



What then of sculpture in the future and particularly in the last quarter
of the present century?

Deep-rooted drives lasting several millenia are not erased from the
human personality overnight. Yet there is abundant evidence that the mod-
ern era of artistic expression through sculptured objects is drawing to a
close. Taking the path outlined up to now, it would be logical to speculate
on the quasi-biological nature of future art. Such a possibility depends upon
a radical realignment of the human psyche with the increasing sophistication
and autonomy of our technical systems. It also implies a gradual phasing
out, or programmed obsolescence, of all natural organic life, substituting far
more efficient types of life forms for our "inferior" and imperfect ones. Would
this be art as we have come to know it, or would it be the culmination of
what futurologists term the Faustian urge, the grand illusion of a society
convinced of its own scientific omnipotence?

An alternative scenario should be suggested. Greatly increasing general
systems consciousness may soon convince us that our technologies are un-
sound for reasons that go to the heart of our culture. Gradually we may
reinterpret the desire to transcend ourselves physically and intellectually
through formal systems as merely a large-scale death wish. With all our
specialization and super-intelligent automata, would it not be ironic if organic
life and "intelligence" were the same thing, that is, expressible only through
the same eternal steps? Given these circumstances, the outermost limits of
reasoning would fall eternally within the boundaries of life. At its lowest
levels logic would be "inorganic," and regardless of the increased calculating
speeds of our automata, the goals of logic could only be life-existence as
we know it. In the end, art may be simply the blueprint by which we seek
such wisdom.
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The "computable" numbers may be described briefly as the real
numbers whose expressions as a decimal are calculable by finite means.
Although the subject of this paper is ostensibly the computable numbers.
it is almost equally easy to define and investigate computable functions
of an integral variable or a real or computable variable, computable
predicates, and so forth. The fundamental problems involved are,
however, the same in each case, and I have chosen the computable numbers
for explicit treatment as involving the least cumbrous technique. I hope
shortly to give an account of the relations of the computable numbers,
functions, and so forth to one another. This will include a development
of the theory of functions of a real variable expressed in terms of com-
putable numbers. According to my definition, a number is computable
if its decimal can be written down by a machine.

In §§ 9, 10 I give some arguments with the intention of showing that the
computable numbers include all numbers which could naturally be
regarded as computable. In particular, I show that certain large classes
of numbers are computable. They include, for instance, the real parts of
all algebraic numbers, the real parts of the zeros of the Bessel functions,
the numbers IT, e, etc. The computable numbers do not, however, include
all definable numbers, and an example is given of a definable number
which is not computable.

Although the class of computable numbers is so great, and in many
Avays similar to the class of real numbers, it is nevertheless enumerable.
In § 81 examine certain arguments which would seem to prove the contrary.
By the correct application of one of these arguments, conclusions are
reached which are superficially similar to those of Gbdelf. These results

f Godel, " Uber formal unentscheidbare Satze der Principia Mathematica und ver-
•vvandter Systeme, I " . Monatsheftc Math. Phys., 38 (1931), 173-198.



1936.] ON COMPUTABLE NUMBERS. 231

have valuable applications. In particular, it is shown (§11) that the
Hilbertian Entscheidungsproblem can have no solution.

In a recent paper Alonzo Church f has introduced an idea of "effective
calculability", which is equivalent to my "computability", but is very
differently defined. Church also reaches similar conclusions about the
EntscheidungsproblemJ. The proof of equivalence between "computa-
bility" and "effective calculability" is outlined in an appendix to the
present paper.

1. Computing machines.

We have said that the computable numbers are those whose decimals
are calculable by finite means. This requires rather more explicit
definition. No real attempt will be made to justify the definitions given
until we reach § 9. For the present I shall only say that the justification
lies in the fact that the human memory is necessarily limited.

We may compare a man in the process of computing a real number to ;i
machine which is only capable of a finite number of conditions q1: q2. .... qI;

which will be called " m-configurations ". The machine is supplied with a
" t ape" (the analogue of paper) running through it, and divided into
sections (called "squares") each capable of bearing a "symbol". At
any moment there is just one square, say the r-th, bearing the symbol <2>(r)
which is "in the machine". We may call this square the "scanned
square ". The symbol on the scanned square may be called the " scanned
symbol". The "scanned symbol" is the only one of which the machine
is, so to speak, "directly aware". However, by altering its m-configu-
ration the machine can effectively remember some of the symbols which
it has "seen" (scanned) previously. The possible behaviour of the
machine at any moment is determined by the ra-configuration qn and the
scanned symbol <S (r). This pair qn, © (r) will be called the '' configuration'':
thus the configuration determines the possible behaviour of the machine.
In some of the configurations in which the scanned square is blank (i.e.
bears no symbol) the machine writes down a new symbol on the scanned
square: in other configurations it erases the scanned symbol. The
machine may also change the square which is being scanned, but only by
shifting it one place to right or left. In addition to any of these operations
the m-configuration may be changed. Some of the symbols written down

f Alonzo Church, " An unsolvable problem, of elementary number theory ", American
J. of Math., 58 (1936), 345-363.

X Alonzo Church, "A note on the Entscheidungsproblem", J. of Symbolic Logic, 1
(1936), 40-41.
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will form the sequence of figures which is the decimal of the real number
which is being computed. The others are just rough notes to "assist the
memory ". It will only be these rough notes which will be liable to erasure.

It is my contention that these operations include all those which are used
in the computation of a number. The defence of this contention will be
easier when the theory of the machines is familiar to the reader. In the
next section I therefore proceed with the development of the theory and
assume that it is understood what is meant by "machine", " tape",
"scanned", etc.

2. Definitions.

Automatic machines.

If at each stage the motion of a machine (in the sense of § 1) is completely
determined by the configuration, we shall call the machine an "auto-
matic machine" (or a-machine).

.For some purposes we might use machines (choice machines or
c-manhines) whose motion is onty partially determined by the configuration
(hence the use of the word "possible" in §1). When such a machine
reaches one of these ambiguous configurations, it cannot go on until some
arbitrary choice has been made by an external operator. This would be the
case if we were using machines to deal with axiomatic systems. In this
paper I deal only with automatic machines, and will therefore often omit
the prefix a-.

Computing machines.

If an a-machine prints two kinds of symbols, of which the first kind

(called figures) consists entirely of 0 and 1 (the others being called symbols of
the second kind), then the machine will be called a computing machine.
If the machine is supplied with a blank tape and set in motion, starting
from the correct initial ra-configuration, the subsequence of the sjinbols
printed by it which are of the first kind will be called the sequence computed
by the machine. The real number whose expression as a binary decimal is
obtained by prefacing this sequence by a decimal point is called the
number computed by the machine.

At any stage of the motion of the machine, the number of the scanned
square, the complete sequence of all symbols on the tape, and the
ra-configuration will be said to describe the complete configuration at that
stage. The changes of the machine and tape between successive complete
configurations will be called the moves of the machine.
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Circular and circle-free machines.

If a computing machine never writes down more than a finite number
of symbols of the first kind, it will be called circular. Otherwise it is said to
be circle-free.

A machine will be circular if it reaches a configuration from which there
is no possible move, or if it goes on moving, and possibly printing symbols
of the second kind, but cannot print any more symbols of the first kind.
The significance of the term "circular" will be explained in §8.

Computable sequences and numbers.

A sequence is said to be computable if it can be computed by a circle-free
machine. A number is computable if it differs by an integer from the
number computed by a circle-free machine.

We shall avoid confusion by speaking more often of computable
sequences than of computable numbers.

3. Examples of computing machines.

I. A machine can be constructed to compute the sequence 010101....
The machine is to have the four m-configurations " b " , " c " , "£" , "c:>

and is capable of printing " 0 " and " 1 ". The behaviour of the machine is
described in the following table in which " R " means "the machine moves
so that it scans the square immediately on the right of the one it was
scanning previously". Similarly for "L". "E" means "the scanned
symbol is erased" and " P " stands for "prints". This table (and all
succeeding tables of the same kind) is to be understood to mean that for
a configuration described in the first two columns the operations in the
third column are carried out successively, and the machine then goes over
into the m-configuration described in the last column. When the second
column is left blank, it is understood that the behaviour of the third and
fourth columns applies for any symbol and for no symbol. The machine
starts in the m-configuration b with a blank tape.

-config.

Configuration

m-config.

b

c

c

I

symbol

None

None

None

None

Behaviour

operations final

PO, R

R

PI, R

R

c

c

t

b
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If (contrary to the description in § 1) we allow the letters L, R to appear
more than once in the operations column we can simplify the table
considerably.

m-config. symbol

None

0

1

operations

PO

R, R, P I

R, R, PO

final m-config.

6

b

b

II. As a slightly more difficult example we can construct a machine to
compute the sequence 001011011101111011111 The machine is to
be capable of five ra-configurations, viz. " o ", " q ", "p ", " f ", " b " and of
printing " o " , "x", " 0 " , " 1 " . The first three symbols on the tape will
be " aoO " ; the other figures follow on alternate squares. On the inter-
mediate squares we never print anything but "x". These letters serve to
" keep the place " for us and are erased when we have finished with them.
We also arrange that in the sequence of figures on alternate squares there
shall be no blanks.

Configuration

m-config. symbol

b Pa,

• { ;
fAny (0 or 1)

rt J
q i

[ None

1 g
^ 1I None

fAny

None

Behaviour

operations

R, Po, R, PO. R, R, PO, L, L

i?, Px, L, L, L

R, R

PI , L

E, R

R

L, L

R,R

PO, L, L

final
m-config.

0

0

q

q

p

q

f

p

f

0

To illustrate the working of this machine a table is given below of the
first few complete configurations. These complete configurations are
described by writing down the sequence of symbols which are on the tape,
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with the m-configuration written below the scanned symbol. The
successive complete configurations are separated by colons.

: 9 9 0 O r o o O 0 : 9 9 0 0 : 9 9 0 0 : 9 9 0 0 1 :

b o q q q p

9 9 0 0 1 : 9 9 0 0 1 : 9 9 0 0 1 : 9 9 0 0 1 :

P P f f
9 9 0 0 1 : 9 9 0 0 1 : o a 0 0 1 0 :

f f
9 9 0 0 H-0: ....

c

This table could also be written in the form

b :9 9 o 0 0 : 9 9 q 0 0 : ..., (C)

in which a space has been made on the left of the scanned symbol and the*
m-configuration written in this space. This form is less easy to follow, but
we shall make use of it later for theoretical purposes.

The convention of writing the figures only on alternate squares is very
useful: I shall always make use of it. I shall call the one sequence of alter-
nate squares JF'-squares and the other sequence ^/-squares. The symbols oi •.
^-squares will be liable to erasure. The symbols on F-squares form a
continuous sequence. There are no blanks until the end is reached. There
is no need to have more than one jE'-square between each pair of .F-squarcs :
an apparent need of more ^/-squares can be satisfied by having a sufficiently
rich variety of symbols capable of being printed on ^-squares. If a
symbol /3 is on an F-square S and a symbol a is on the ^-square next on the
right of S, then S and /3 will be said to be marked with a. The
process of printing this a will be called marking jS (or S) with a.

4. Abbreviated tables.

There are certain types of process used by nearly all machines, and.
these, in some machines, are used in many connections. These processes
include copying down sequences of symbols, comparing sequences, erasing
all symbols of a given form, etc. Where such processes are concerned we
can abbreviate the tables for the m-configurations considerably by the use
of "skeleton tables". In skeleton tables there appear capital German
letters and small Greek letters. These are of the nature of "variables '".
By replacing each capital German letter throughout by an ^^-configuration
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and each small Greek letter by a symbol, we obtain the table for an
m-configuration.

The skeleton tables are to be regarded as nothing but abbreviations:
they are not essential. So long as the reader understands how to obtain
the complete tables from the skeleton tables, there is no need to give any
exact definitions in this connection.

Let us consider an example:

m-config.

f(e,S5,a)

fi(6,93,a)

Symbol Behaviour Final
m-config.

L f^G, 95, a)

L f(<5,S3,a)

f a

not a

R

R

R

f2(G,

From the m-configuration
f(@, 93, a) the machine finds the
symbol of form a which is far-
thest to the left (the "first a")
and the ?w-confi,guration then
becomes (L If there is no a
then the m-configuration be-
comes 93.

None R

I, 93, a)

93

If we were to replace £ throughout by q (say), 93 by r, and a. by x, we
should have a complete table for the m-configuration f (q, x, x). f is called
an "?/i-configuration function" or "m-function".

The only expressions which are admissible for substitution in an
»i-function are the m-configurations and symbols of the machine. These
have to be enumerated more or less explicitly: they may include expressions
such as p(c, x); indeed they must if there are any m-functions used at all.
If we did not insist on this explicit eaumeration, but simply stated that
the machine had certain m-configurations (enumerated) and all m-configu-
rations obtainable by substitution of m-configurations in certain m-func-
tion.-J, we .should usually get an infinity of m-configurations; e.g., we might
say that the machine was to have the m-configuration q and all m-configu-
rations obtainable by substituting an m-configuration for £ in p(£). Then

it would have q, p(q), pfp(q)V p(p(p(q))), ... asm-configurations.

Our interpretation rule then is this. We are given the names of the
^-configurations of the machine, mostly expressed in terms of m-functions.
We are also given skeleton tables. All we want is the complete table for
the m-configurations of the machine. This is obtained by repeated
substitution in the skeleton tables.
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Further examples.

(In the explanations the symbol " ->" is used to signify "the machine
goes into the ra-configuration. . . . ")

e((5,23,a) f (e^S, S3, a), S3, a) From c(S, 23, a) the first a is
„ ^ erased and -> (L If there is no

c^G, S3, a) # G

c(S3, a) c(c(S3, a), 23, a) From c(S3, a) all letters a are
erased and -»53.

The last example seems somewhat more difficult to interpret than
most. Let us suppose that in the list of m-configurations of some machine
there appears c('b, x) (=q, saj'). The table is

c(6; a;) e(c(b, x). h, x)

or q c(q, 6, a;).

Or, in greater detail:

q c(q, 6, x)

c(q, 6, x) f (ci(q, 6, a.1), t), a)

Cj.(q, I), re) £• q.

In this we could replace cJL(q, h, x) by q' and then give the table for f (with
the right substitutions) and eventually reach a table in which no
m-functions appeared.

, j8) f (pc^G, j8), € , Q ) From pc (g, /3) the machine

[Any i?3JR pe^S.jS) P r i n t s ^ ^ ^
ue (<S j8) \ sequence of sj^mbols and -> C

[None P/S 6

I(S) ^ 2 From f'((5: 2J, a) it does the

r/gx j ^ G same as for f(6, S3, a) but
moves to the left before -^ <3.

f (6,»,o) f(t(6),a3,a)

f"(S,»,o) f(t(S),S8,a)

c(S,S3,o) f'(c-i(S), 55, a) c(<£, S3, a). The machine

c (<l) R pe(€ JS) writes at the end the first sym-
bol marked a and -> £.
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The last line stands for the totality of lines obtainable from it by
replacing fi by any symbol which may occur on the tape of the machine
concerned.

cc(£,S3,a) c(e(G,S3,a),83,a) ce(23, a). The machine
copies down in order at the

cc(23,a) ce(ce(83,a),23,a) end all symbols marked a
and erases the letters a; ->SS.

vc(G,93,a,j8) f(re1(g3$B3a,i8),^5a) rc(£, S3, a, 0). The ma-
chine replaces the first a by

re^^a.fl E,Pp <Z (8 a n d - > g ^ 35 if there is no a.

re(S, a, P) re («(», a, j8), 93, a, j8) «<»' a> #• T h e m a c h i n e r e"
places all letters a by ]S; ->S5.

cr(Ci,23;a) c(tt(G,9$,a,a), S3,a) Cr(83, a) differs from
ce(23, a) 011137" in that the

«(«(5S,a),rc(SS,a,a),a) letters a are not erased. The
m-configuration cv(5S, a) is
taken up when no letters
" a " are on the tape.

•r (C. 21, e. a. ,5) f ( c p i ^ S(, )S), f(3t, g, j8), a)

cp,(C, 2l,i8) 7 f (cp2(e,2T, y), S(,

7 S
cp.,((S. 2(, y)

[noty SI.

The first symbol marked a and the first marked ]8 are compared. If
there is neither a nor ft, —> (I\ If there are both and the symbols are alike,
-> (5. Otherwise -> 21.

cpc(6, SI, G, a, jS) cp (c (e((5, S, yS), 6, a) , SI, g, a, ^)

cpe(S, 21, S, a, j8) differs from cp(§, 21, £, a, j8) in that in the case when
there is similarity the first a and /? are erased.

cpe^, Q, a, P) cpe (cpe(Sl, Q, a, j8), 21, 6, a, )3).

cpe(2I, S, a, j8). The sequence of symbols marked a is compared with
the sequence marked /?. -> Q if they are similar. Otherwise -> 21. Some
of the symbols a and /? are erased.
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JAny
[None

JAny

[None

R
R

R

not a

ce2(95, a,

ce3(S5,a,

a). The machine
finds the last symbol of
form a. -> @.

j8,y)

R

L
f Any R, E, R

None

3)> a ) pc2(S, a, jS). The machine
prints a j8 at the end.

ce(ce(255j8), a) ce3(S5,a,j8,y). The mach-
ine copies down at the end

ce (ce2(S5,0, y), a) £ r s t the symbols marked a,
then those marked jS, and
finally those marked y; it
erases the symbols a, /?, y.

e1((5) From e(^) the marks are
,̂ > erased from all marked sym-

bols. -> @.

5. Enumeration of computable sequences.

A computable sequence y is determined by a description of a machine
which computes y. Thus the sequence 001011011101111... is determined
by the table on p. 234, and, in fact, any computable sequence is capable of
being described in terms of such a table.

It will be useful to put these tables into a kind of standard form. In the
first place let us suppose that the table is given in the same form as the first
table, for example, I on p. 233. That is to say, that the entry in the operations
column is always of one of the forms E :E,R:E,L:Pa: Pa, R: Pa, L:R:L:
or no entry at all. The table can always be put into this form by intro-
ducing more m-configurations. Now let us give numbers to the w-configu-
rations, calling them qx, ..., qR, as in §1. The initial m-configuration is
always to be called qv We also give numbers to the symbols #]_,....., Sm
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and, in particular, blank = 80, 0 = Slt 1 = S2. The hnes of the table are
now of form

Final
m-config. Symbol Operations m-config.

to
to

to

Lines such as

to

are to be written as

to

and lines such as

ft

to be written as

to

s,
Si

Si

Si

Si

Si

s.

PSk,L

PSkiR

PSk

E, R

PS0, R

R

PS,, R

In this way we reduce each line of the table to a line of one of the forms
(Nj, (N2), (i\y.

From each line of form (N^ let us form an expression q( Sj]Sb L qm;
from each line of form (N2) we form an expression qiSjSkRqm;
and from each line of form (N3) we form an expression #,•#, SkNqm.

Let us write down all expressions so formed from the table for the
machine and separate them by semi-colons. In this way we obtain a
complete description of the machine. In this description we shall replace
q{ by the letter "D" followed by the letter "A" repeated i times, and $,- by
" D " followed by "C" repeated j times. This new description of the
machine may be called the standard description (S.D). It is made up
entirely from the letters "A", " C", "D", "L", "R", "N", and from

If finally we replace "A" by " 1 " , "C" by " 2 " , "D" by " 3 " , " L"
by " 4 " , "R" by c ' 5 " , "N" by " 6 " , and "*3> by £ <7" we sh,all have a
description of the machine in the form of an arabic numeral. The integer
represented by this numeral may be called a description number (D.N) of
the machine. The D.N determine the S.D and the structure of the
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machine uniquely. The machine whose D.N is n may be described as

To each computable sequence there corresponds at least one description
number, while to no description number does there correspond more than
one computable sequence. The computable sequences and numbers are
therefore enumerable.

Let us find a description number for the machine I of § 3. When we
rename the m-configurations its table becomes:

q-L ^ o *b1} K q2

q2 SQ P8O, R q3

q3 So PS2) R #4

ft SQ
 PSo>R ft

Other tables could be obtained by adding irrelevant lines such as

qx Sx PSVR q2

Our first standard form would be

qxOQOJRq%j q%^o^o-"ft» 2*3®o^2-"ft' ft^o^oRQ\J•

The standard description is

DADDCRDAA ;DAADDRDAAA;

I ^ ^ D D C C t f i ) ^ ^ \DAAAADDRDA;

A description number is

31332531173113353111731113322531111731111335317

and so is

3133253117311335311173111332253111173111133531731323253117

A number which is a description number of a circle-free machine will be
called a satisfactory number. In § 8 it is shown that there can be no general
process for determining whether a given number is satisfactory or not.

6. The universal computing machine.

It is possible to invent a single machine which can be used to compute
any computable sequence. If this machine M is supplied with a tape on
the beginning of which is written the S.D of some computing machine .At,

8KR. 2. VOL. 42. NO. 2144. B
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then 'It will compute the same sequence as i t . In this section I explain
in outline the behaviour of the machine. The next section is devoted to
giving the complete table for U.

Let us first suppose that we have a machine i t ' which will write down on
the .F-squares the successive complete configurations of i t . These might
be expressed in the same form as on p. 235, using the second description,
(C), with all symbols on one line. Or, better, we could transform this
description (as in §5) by replacing each ra-configuration by " D " followed
by "A" repeated the appropriate number of times, and by replacing each
symbol by " D " followed by "C" repeated the appropriate number of
times. The numbers of letters'' A " and' ' C " are to agree with the numbers
chosen in §5, so that, in particular, " 0 " is replaced by "DC", " 1 " by
"DCC", and the blanks by " D " . These substitutions are to be made
after the complete configurations have been put together, as in (C). Diffi-
culties arise if we do the substitution first. In each complete configura-
tion the blanks would all have to be replaced by " D ", so that the complete
configuration would not be expressed as a finite sequence of symbols.

If in the description of the machine II of § 3 we replace " o " by " DA A ",
" a " by "DCCC", " q " by "DAAA", then the sequence (C) becomes:

DA .DCCCDCCCDAADCDDC.DCCCDCCCDAAADCDDC:... (CJ

(This is the sequence of symbols on ^-squares.)
It is not difficult to see that if i t can be constructed, then so can i t ' .

The manner of operation of i t ' could be made to depend on having the rules
of operation {i.e., the S.D) of i l written somewhere within itself {i.e. within
i l / ) ; each step could be carried out by referring to these rules. We have
only to regard the rules as being capable of being taken out and ex-
changed for others and we have something very akin to the universal
machine.

One thing is lacking : at present the machine i t ' prints no figures. We
may correct this by printing between each successive pair of complete
configurations the figures which appear in the new configuration but not
in the old. Then (C )̂ becomes

DDA:O:O:DCCCDCCCDAADCDDC:DCCC... (C2)

I t is not altogether obvious that the ^-squares leave enough room for
the necessary "rough work", but this is, in fact, the case.

The sequences of letters between the colons in expressions such as
(Cj) may be used as standard descriptions of the complete configurations.
When the letters are replaced by figures, as in § 5, we shall have a numerical



9

not 9

Any

None

R

L

R, E, R

e^onf)

c(anf)

ei(anf)

anf
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•description of the complete configuration, which may be called its descrip-
tion number.

7. Detailed description of the universal machine.

A table is given below of the behaviour of this universal machine. The
•m-configurations of which the machine is capable are all those occurring in
the first and last columns of the table, together with all those which occur
when we write out the unabbreviated tables of those which appear in the
table in the form of m-functions. E.g., e(anf) appears in the table and is an
wi-fimction. Its unabbreviated table is (see p. 239)

e(anf)

e^anf)

Consequently e1(anf) is an m-configuration of U.
When \l is ready to start work the tape running through it bears on it

the symbol a on an .F-square and again Q on the next i£-square; after this,
on .F-squares only, comes the S.D of the machine followed by a double
colon " : : " (a single symbol, on an .F-square). The S.D consists of a
number of instructions, separated by semi-colons.

Each instruction consists of five consecutive parts

(i) " D " followed by a sequence of letters "A". This describes the
relevant m-configuration.

(ii) "JD" followed by a sequence of letters " C". This describes the
scanned symbol.

(iii) " D " followed by another sequence of letters "C". This
describes the symbol into which the scanned symbol is to be changed.

(iv) " L " , " i2" , or "JV", describing whether the machine is to move
to left, right, or not at all.

(v) " D " followed by a sequence of letters "A". This describes the
final m-configuration.

The machine U is to be capable of printing "A", " 0 " , c t D" , " 0 " ,
• " 1 " , "u", "v", "w", " z " , "y", " z " . The S.D is formed from " ; " ,
•"A", "C", " D " , " L " , ((R"} "N".
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Subsidiary skeleton table.

(Not A R, R con(£, a)

[Nov. 12,

con(@, a)

con̂ CE, a)

con2(§, a)

con(@. a). Starting from
an J^-square, S say, the se-

A L, Pa, R con^S, a) q u e n c e Q o f s y m b o l s describ-

A R,Pa,R c o n ^ a ) ing a configuration closest on
the right of S is marked out

R, Pa, R con2(§, a) with letters a. ->@.D

G

Not C R.R

R, Pa, R con2(£,a) con(S, ). In the final con-
figuration the machine is
scanning the square which is
four squares to the right of the
last square of C. C is left
unmarked.

The table for U.

hx R,R,P:,R,R,PD;R,R,PA anf

anf

6. The machine prints
on the .F-squares after

->anf.

font

not z nor

R, Pz: L

L,L

L

g(anf1} :) anf. The machine marks
the configuration in the last

COn (font, y) c o m p i e t e configuration with
y. -

!om

!om

con (limp, x) font. The machine finds
the last semi-colon not
marked with z. It marks
this semi-colon with z and
the configuration following
it with x.

Hnr,> cpe(c(fom, x, y), iim, x, y) fmp. The machine com-
pares the sequences marked
x and y. I t erases all letters
x and y. -> Sim if they are
alike. Otherwise ->• font.

anf. Taking the long view, the last instruction relevant to the last
configuration is found. It can be recognised afterwards as the instruction
following the last semi-colon marked z. -Mim.
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Sim

•mt

m?3

m?4

mh

A

not

not

A

A .

A

R,Pu,

L,

L,Py,

R, R

Py

con

,R

,R

(stm2,

Sim

Sim

e(mB,

Sim

)

3

2

3

A

C

[Any

[ None

L, L, L, L

, Pa;, j ^ , Z',

con

P:

L, L, L

?, R, R, R

•R, 22

mf2

D R, Px, L, L, L m?3

not : R, Pv, L, L, L m!3

: mL

mf6

inSt, 0, :

xnit

S im. The machine marks out
the instructions. That part of
the instructions which refers to
operations to be carried out is
marked with u, and the final m-
configuration with y. The let-
ters z are erased.

mi. The last complete con-
figuration is marked out into
four sections. The configiira-
ration is left unmarked. The
symbol directly preceding it is
marked with x. The remainder
of the complete configuration
is divided into two parts, of
which the first is marked with
v and the last with w. A colon is
printed after the whole. -> $f;.

, u) Sf;. The instructions (marked
u) are examined. If it is found
that they involve "Print 0" or
"Print 1", then 0: or 1: is
printed at the end.
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in«t fl(t(in«1),tt) «**• T h e n e x t complete
configuration is written down,.

a R, E in^t1(a) carrying out the marked instruc-

L) ce5(o»,.t>, y, x, u, w) t i o n s - T h e l e t t e r s u> v> w> x> V
are erased. -^anf.

i?) ce5(o», v, x, u, y, w)

\nitx{N) ec5(ot>, v, x, y, u, w)

co c(anf)

8. Application of the diagonal process.

It may be thought that arguments which prove that the real numbers
are not enumerable would also prove that the computable numbers and
sequences cannot be enumerable*. It might, for instance, be thought
that the limit of a sequence of computable numbers must be computable.
This is clearly only true if the sequence of computable numbers is defined
by some rule.

Or we might apply the diagonal process. "If the computable sequences
are enumerable, let a/( be the n-th computable sequence, and let </>;l(ra) be
the ?n-th figure in au. Let /? be the sequence with \—<j>n(n) as its n-th.
figure. Since /3 is computable, there exists a number K such that
l—cf)ll(n) = <f)K(n) all n. Putting n = K, we have 1 = 2(f>K(K), i.e. 1 is
even. This is impossible. The computable sequences are therefore not
enumerable".

The fallacy in this argument lies in the assumption that § is computable.
It would be true if we could enumerate the computable sequences by finite
means, but the problem of enumerating computable sequences is equivalent
to the problem of finding out whether a given number is the D.N of a
circle-free machine, and we have no general process for doing this in a finite
number of steps. In fact, by applying the diagonal process argument
correctly, we can show that there cannot be any such general process.

The simplest and most direct proof of this is by showing that, if this
general process exists, then there is a machine which computes /?. This
proof, although perfectly sound, has the disadvantage that it may leave
the reader with a feeling that "there must be something wrong". The
proof which I shall give has not this disadvantage, and gives a certain
insight into the significance of the idea "circle-free". It depends not on
constructing /3, but on constructing fi', whose n-th. figure is <j>n{n).

* Cf. Hobson, Theory of functions of a real variable (2nd ed., 1921), 87, 88.
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Let us suppose that there is such a process; that is to say, that we can
invent a machine <D- which, when supplied with the S.D of any computing
machine i l will test this S.D and if i l is circular will mark the S.D with the
symbol "u" and if it is circle-free will mark it with " s ". By combining
the machines <& and U we could construct a machine :l I- to compute the
sequence j8'. The machine <O- may require a tape. We may suppose that
it uses the jE'-squares beyond all symbols on .F-squares, and that when it
has reached its verdict all the rough work done by l0- is erased.

The machine Ji has its motion divided into sections. In the first N— 1
sections, among other things, the integers 1, 2,.. . , N— 1 have been written
down and tested by the machine <Q>-. A certain number, say R(N— I), of
them have been found to be the D.N's of circle-free machines. In the N-th
section the machine (& tests the number N. If N is satisfactory, i.e., if it
is the D.N of a circle-free machine, then R(N) = l-\-R(N—l) and the first
R{N) figures of the sequence of which a $£N is N are calculated. The
R(N)-th figure of this sequence is written down as one of the figures of the
sequence/3' computed by Ji. If N is not satisfactory, then R(N) = R(N— 1)
and the machine goes on to the (iV-(-l)-th section of its motion.

From the construction of J I- we can see that .11- is circle-free. Each
section of the motion of Ji comes to an end after a finite number of steps.
For, by our assumption about Q, the decision as to whether N is satisfactor}'
is reached in a finite number of steps. If N is not satisfactory, then the
JV-th section is finished. If N is satisfactory, this means that the machine
il(JV) whose D.N is N is circle-free, and therefore its J?(iV)-th figure can be
calculated in a finite number of steps. When this figure has been calculated
and written down as the R(N)-th figure of /3', the iV-th section is finished.
Hence il is circle-free.

Now let K be the D.N of Ji. What does Ji do in the K-th. section of
its motion 1 It must test whether K is satisfactory, giving a verdict " 5 "
or "u". Since K is the D.N of JI- and since JI is circle-free, the verdict
cannot be "u". On the other hand the verdict cannot be "s". For if it
were, then in the K-th. section of its motion J I- would be bound to compute
the first R(K—1) + 1 = R(K) figures of the sequence computed by the
machine with K as its D.N and to write down the R(K)-th as a figure of the
sequence computed by ill. The computation of the first R(K) — l figures
would be carried out all right, but the instructions for calculating the
R(K)-th. would amount to "calculate the first R(K) figures computed by
H and write down the R(K)-th". This R{K)-th figure would never be
found. I.e., 'i-l is circular, contrary both to what we have found in the last
paragraph and to the verdict " s " . Thus both verdicts are impossible
and we conclude that there can be no machine '0-.
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We can show further that there can be no machine £• which, when
supplied iviih the S.D of an arbitrary machine AV, will determine vjhether AV
ever prints a given symbol (0 say).

We will first show that, if there is a machine £, then there is a general
process for determining whether a given machine . U< prints 0 infinitely
often. Let Jlx be a machine which prints the same sequence as A\, except
that in the position where the first 0 printed by .11- stands, A\x prints 0.
• U2 is to have the first two s\aribols 0 replaced by 0, and so on. Thus, if • U-
were to print

ABAQlAABOQIOAB...,

then A\± would print

ABA01AAB0010AB...

and .112 would print

ABAoiAAB~00l0AB....

Xow let H; be a machine which, when supplied with the S.D of .U, will
write down successively the S.D of .11, of .lll5 of • U2, ... (there is such a
machine). We combine V' with I' and obtain a new machine, Xj. In the
motion of (, first > is used to write down the S.D of -U, and then t tests
it.: o: iy written if it is found that • 11 never prints 0; then ^ writes the S.D
of • II2, and this is tested.. : 0 : being printed if and only if • Ux never prints 0)
and so on. KOAV let us test .<, with ('. If it is found that X] never prints 0,
then .H prints 0 infinitely often; if Xj prints 0 sometimes, then .11 does not
print 0 infinitely often.

Similarly there is a general process for determining whether • U- prints 1
infinitely often. By a combination of these processes we have a process
for determining whether. U prints an infinity of figures, i.e. we have a process
for determining whether .11 is circle-free. There can therefore be no
machine i .

The expression "there is a general process for determining..." has
been used throughout this section as equivalent to "there is a machine
which will determine ... ". This usage can be justified if and only if we
can justify our definition of "computable". For each of these "general
process:' problems can be expressed as a problem concerning a general
process for determining Avhether a given integer n has a property G(n) [e.g.
G{n) might mean "n is satisfactory" or "n is the Godel representation of
a provable formula"], and this is equivalent to computing a number
whose n-th. figure is 1 if G (n) is true and 0 if it is false.
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9. The extent of the computable numbers.

No attempt has yet been made to show that the " computable " numbers
include all numbers which would naturally be regarded as computable. Al I
arguments which can be given are bound to be, fundamentally, appeals
to intuition, and for this reason rather unsatisfactory mathematically.
The real question at issue is " What are the possible processes which can be
carried out in computing a number?"

The arguments which I shall use are of three kinds.

(a) A direct appeal to intuition.

(6) A proof of the equivalence of two definitions (in case the new
definition has a greater intuitive appeal).

(c) Giving examples of large classes of numbers which are
computable.

Once it is granted that computable numbers are all c: computable"".
several other propositions of the same character follow. In particular, it
follows that, if there is a general process for determining whether a formula
of the Hilbert function calculus is provable, then the determination can bo
carried out by a machine.

I. [Type (a)]. This argument is only an elaboration of the ideas of § 1.

Computing is normally done by writing certain symbols on paper. "We
may suppose this paper is divided into squares like a child's arithmetic book.
In elementary arithmetic the two-dimensional character of the paper is
sometimes used. But such a use is always avoidable, and I think that it
will be agreed that the two-dimensional character of paper is no essential
of computation. I assume then that the computation is carried out on
one-dimensional paper, i.e. on a tape divided into squares. I shall also
suppose that the number of symbols which may be printed is finite. If we
were to allow an infinity of symbols, then there would be symbols differing
to an arbitrarily small extent j . The effect of this restriction of the number
of symbols is not very serious. It is always possible to use sequences of
symbols in the place of single symbols. Thus an Arabic numeral such as

f If we regard a symbol as literally printed on a square we may suppose that the square
is 0 < x < 1, 0 < y < 1. The symbol is defined as a set of points in this square, viz. the
set occupied by printer's ink. If these sets are restricted to be measurable, we can define
the "distance" between two symbols as the cost of transforming one symbol into the
other if the cost of moving unit area of printer's ink unit distance is unity, and there is an
infinite supply of ink at x = 2. y = 0. With this topology the symbols form a condition-
ally compact space.
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17 or 999999999999999 is normally treated as a single symbol. Similarly
in any European language words are treated as single symbols (Chinese,
however, attempts to have an enumerable infinity of symbols). The
differences from our point of view between the single and compound symbols
is that the compound symbols, if they are too lengthy, cannot be observed
at one glance. This is in accordance with experience. We cannot tell at
a glance whether 9999999999999999 and 999999999999999 are the same.

The behaviour of the computer at any moment is determined by the
symbols which he is observing, and his " state of mind " at that moment.
We may suppose that there is a bound B to the number of symbols or
squares which the computer can observe at one moment. If he wishes to
observe more, he must use successive observations. We will also suppose
that the number of states of mind which need be taken into account is finite.
The reasons for this are of the same character as those which restrict the
number of symbols. If we admitted an infinity of states of mind, some of
them will be '' arbitrarily close " and will be confused. Again, the restriction
is not one which seriously affects computation, since the use of more compli-
cated states of mind can be avoided by writing more symbols on the tape.

Let us imagine the operations performed by the computer to be split up
into "simple operations" which are so elementary that it is not easy to
imagine them further divided. Every such operation consists of some change
of the physical system consisting of the computer and his tape. We know
the state of the system if we know the sequence of symbols on the tape,
which of these are observed by the computer (possibly with a special
order), and the state of mind of the computer. We may suppose that in a
simple operation not more than one symbol is altered. Any other changes
can be split up into simple changes of this kind. The situation in regard to
the squares whose symbols may be altered in this way is the same as in

regard to the observed squares. We may, therefore, without loss of
generality, assume that the squares whose symbols are changed are always
"observed" squares.

Besides these changes of symbols, the simple operations must include
changes of distribution of observed squares. The new observed squares
must be immediately recognisable by the computer. I think it is reasonable
to suppose that they can only be squares whose distance from the closest
of the immediately previously observed squares does not exceed a certain
fixed amount. Let us say that each of the new observed squares is within
L squares of an immediately previously observed square.

In connection with "immediate recognisability ", it may be thought
that there are other kinds of square which are immediately recognisable.
In particular, squares marked by special symbols might be taken as imme-
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diately recognisable. Now if these squares are marked only by single
symbols there can be only a finite number of them, and we should not upset
our theory by adjoining these marked squares to the observed squares. If.
on the other hand, they are marked by a sequence of symbols, we
cannot regard the process of recognition as a simple process. This is a
fundamental point and should be illustrated. In most mathematical
papers the equations and theorems are numbered. Normally the numbers
do not go beyond (say) 1000. It is, therefore, possible to recognise a
theorem at a glance by its number. But if the paper was very long, we
might reach Theorem 157767733443477 ; then, further on in the paper, we
might find " . . . hence (applying Theorem 157767733443477) we have ... ".
In order to make sure which was the relevant theorem we should have to
compare the two numbers figure by figure, possibly ticking the figures off
in pencil to make sure of their not being counted twice. If in spite of this
it is still thought that there are other "immediately recognisable" squares,
it does not upset my contention so long as these squares can be found by
some process of which my type of machine is capable. This idea is
developed in III below.

The simple operations must therefore include:

(a) Changes of the symbol on one of the observed squares.

(6) Changes of one of the squares observed to another square
within L squares of one of the previously observed squares.

It may be that some of these changes necessarily involve a change of
state of mind. The most general single operation must therefore be taken
to be one of the following:

(A) A possible change (a) of symbol together with a possible
change of state of mind.

(B) A possible change (6) of observed squares, together with a
possible change of state of mind.

The operation actually performed is determined, as has been suggested
on p. 250, by the state of mind of the computer and the observed symbols.
In particular, they determine the state of mind of the computer after the
operation is carried out.

We may now construct a machine to do the work of this computer. To
each state of mind of the computer corresponds an " m-configuration " of
the machine. The machine scans B squares corresponding to the B squares
observed by the computer. In any move the machine can change a symbol
on a scanned square or can change any one of the scanned squares to another
square distant not more than L squares from one of the other scanned
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squares. The move which is done, and the succeeding configuration, are
determined by the scanned symbol and the m-configuration. The
machines just described do not differ very essentially from computing
machines as defined in § 2, and corresponding to any machine of this type
a computing machine can be constructed to compute the same sequence,
that is to say the sequence computed by the computer.

II. [Type (6)].

If the notation of the Hilbert functional calculus f is modified so as to
be systematic, and so as to involve onty a finite number of symbols3 it
becomes possible to construct an automatic J machine 3C, which will find
all the provable formulae of the calculus§.

Now let a be a sequence, and let us denote by Ga(x) the proposition
"The rc-th figure of a is 1 ", so that1' —Ga(x) means "The z-th figure of a
is 0 ". Suppose further that we can find a set of properties which define
the sequence a and which can be expressed in terms of Ga(x) and of the
prepositional functions N(x) meaning "x is a non-negative integer" and
F(x, y) meaning "y = x-\-l ". When we join all these formulae together
conjunctively, we shall have a formula, % say, which defines a. The terms
of 21 must include the necessary parts of the Peano axioms, viz.,

N(x)-»(3y)F(x, y)) &(F(X,

which we will abbreviate to P.
When we say " 2( defines a", we mean that —21 is not a provable

formula, and also that, for each n, one of the following formulae (A,J or
(BJ is provable.

%&Ftn^Ga(uW), (AB)«T

where F™ stands for F{u, u') & F(u', u") & ... F^-v, u™).

f The expression "the functional calculus" is used throughout to mean the restricted
Hilbert functional calculus.

+ It is most natural to construct first a choice machine (§ 2) to do this. But it is
then easy to construct the required automatic machine. We can suppose that the choice3
are always choices between two possibilities 0 and 1. Each proof will then be determined
by a sequence of choices ilt i2, ..., •?•„ (ix = 0 or 1, u = 0 or 1, ..., in = 0 or 1), and hence
the number 2" + i1 2"~^-\-i22"---\-...-\-in completely determines the proof. The automatic
machine carries out successively proof 1, proof 2, proof 3, ... .

§ The author has found a description of such a machine.
II The negation sign is written before an expression and not over it.
*\ A sequence of r primes is denoted by '''-1.
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I say that a is then a computable sequence: a machine 'JCa to compute
a can be obtained by a fairly simple modification of JC

We divide the motion of Ka into sections. The n-th section is devoted
to finding the n-th figure of a. After the (n— l)-th section is finished a double
colon :: is printed after all the symbols, and the succeeding work is done
wholly on the squares to the right of this double colon. The first step is to
write the letter "A " followed by the formula (An) and then " B " followed
by (Bn). The machine Ka then starts to do the work of JC, but whenever
a provable formula is found, this formula is compared with (An) and with
(Bn). If it is the same formula as (An), then the figure " 1 " is printed, and
the n-th. section is finished. If it is (B,J, then " 0 " is printed and the section
is finished. If it is different from both, then the work of K is continued
from the point at which it had been abandoned. Sooner or later one of
the formulae (An) or (B?1) is reached; this follows from our hypotheses
about a and 21, and the known nature of JC. Hence the n-th section will
eventually be finished. 3CO is circle-free; a is computable.

It can also be shown that the numbers a definable in this way by the use
of axioms include all the computable numbers. This is done by describing
computing machines in terms of the function calculus.

It must be remembered that we have attached rather a special meaning
to the phrase " 21 defines a ". The computable numbers do not include all.
(in the ordinary sense) definable numbers. Let 8 be a sequence whose
n-th figure is 1 or 0 according as n is or is not satisfactory. It is an imme-
diate consequence of the theorem of § 8 that 8 is not computable. It is (so
far as we know at present) possible that any assigned number of figures of 8
can be calculated, but not by a uniform process. When sufficiently many
figures of 8 have been calculated, an essentially new method is necessaiy in
order to obtain more figures.

III. This may be regarded as a modification of I or as a corollary of II.

We suppose, as in I, that the computation is carried out on a tape; but we
avoid introducing the "state of mind" by considering a more physical
and definite counterpart of it. It is always possible for the computer to
break off from his work, to go away and forget all about it, and later to come
back and go on with it. If he does this he must leave a note of instructions
(written in some standard form) explaining how the work is to be con-
tinued. This note is the counterpart of the "state of mind". We will
suppose that the computer works in such a desultory manner that he never
does more than one step at a sitting. The note of instructions must enable
him to carry out one step and write the next note. Thus the state of progress
of the computation at any stage is completely determined by the note of
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instructions and the symbols on the tape. That is, the state of the system
may be described by a single expression (sequence of symbols), consisting
of the symbols on the tape followed by A (which we suppose not to appear
elsewhere) and then by the note of instructions. This expression may be
called the "state formula". We know that the state formula at any
given stage is determined by the state formula before the last step was
made, and we assume that the relation of these two formulae is expressible
in the functional calculus. In other words, we assume that there is an
axiom 2( which expresses the rules governing the behaviour of the
computer, in terms of the relation of the state formula at any stage to the
state formula at the preceding stage. If this is so, we can construct a
machine to write down the successive state formulae, and hence to
compute the required number.

10. Examples of large classes of numbers which are computable.

It will be useful to begin with definitions of a computable function of
an integral variable and of a computable variable, etc. There are many
equivalent ways of defining a computable function of an integral
variable. The simplest is, possibly, as follows. If y is a computable
sequence in which 0 appears infinitely! often, and n is an integer, then let
us define £(y, n) to be the number of figures 1 between the n-th and the
(?i-\- l)-th figure 0 in y. Then <f)(n) is computable if, for all n and some y,
.<f>(n) = £(y, n). An equivalent definition is this. Let H(x, y) mean
<f)(x) = y. Then, if we can find a contradiction-free axiom 21̂ , such that
2^-* P, and if for each integer n there exists an integer N, such that

% &

and such that, if m=£<f>(n), then, for some N',

% &

then <j> may be said to be a computable function.
We cannot define general computable functions of a real variable, since

there is no general method of describing a real number, but we can define
a computable function of a computable variable. If n is satisfactory,
let yn be the number computed by ./U {n), and let

| If *Al computes y, then the problem whether .11 prints 0 infinitely often is of the
same character as the problem whether A\, is circle-free.
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unless yn = 0 or yn — 1, in either of which cases an = 0. Then, as n
runs through the satisfactory numbers, an runs through the computable
numbersf. Now let <f)(n) be a computable function which can be
shown to be such that for any satisfactory argument its value is satis-
factory %. Then the function /, defined by f(an) — a^n), is a computable
function and all computable functions of a computable variable are
expressible in this form.

Similar definitions may be given of computable functions of several
variables, computable-valued functions of an integral variable, etc.

I shall enunciate a number of theorems about computability, but I
shall prove only (ii) and a theorem similar to (iii).

(i) A computable function of a computable function of an integral or
computable variable is computable.

(ii) Any function of an integral variable defined recursively in terms
of computable functions is computable. I.e. if 0(ra, n) is computable, and
r is some integer, then rj(n) is computable, where

(iii) If <f> (m, n) is a computable function of two integral variables, then
<j>{n, n) is a computable function of n.

(iv) If (j>(n) is a computable function whose value is always 0 or 1, then
the sequence whose fi-th figure is <f>(n) is computable.

Dedekind's theorem does not hold in the ordinary form if we replace
*' real'' throughout by '' computable''. But it holds in the following form :

(v) If G(a) is a propositional function of the computable numbers and

(a) (3a)(3jB){G(a)&(-G(j8))},

(6) Q(a)

and there is a general process for determining the truth value of G(a), then

f A function an may be defined in many other ways so as to run through the
computable numbers.

J Although it is not possible to find a general process for determining whether a given
number is satisfactory, it is often possible to show that certain classes of numbers are
satisfactory.
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there is a computable number £ such that

In other words, the theorem holds for any section of the computables
such that there is a general process for determining to which class a given
number belongs.

Owing to this restriction of Dedekind's theorem, we cannot say that a
computable bounded increasing sequence of computable numbers has a
computable limit. This may possibly be understood by considering a
sequence such as

l ± 1 I I I
J-5 2 ' 5 ' 8 ' i o j 2» • • • •

On the other hand, (v) enables us to prove

(vi) If a and /? are computable and a < /? and <£(a) < 0 < </>(/?), where
(f>(a) is a computable increasing continuous function, then there is a unique
computable number y, satisfying a < y < fi and <f>(y) = 0.

Computable convergence.

We shall say that a sequence fin of computable numbers converges
computably if there is a computable integral valued function N(e) of the
computable variable e, such that we can show that, if e > 0 and n > N(e)
and m > N(e), then \pn—j8m| < e.

We can then show that

(vii) A power series whose coefficients form a computable sequence of
computable numbers is computably convergent at all computable points
in the interior of its interval of convergence.

(viii) The limit of a computably convergent sequence is computable.

And with the obvious definition of " uniformly computably convergent":

(ix) The limit of a uniformly computably convergent computable
sequence of computable functions is a computable function. Hence

(x) The sum of a power series whose coefficients form a computable
sequence is a computable function in the interior of its interval of
convergence.

From (viii) and TT— 4(1—i-|--i—...) we deduce that TT is computable.

From e = l + l+n-j-+»-j+.. . we deduce that e is computable.
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From (vi) we deduce that all real algebraic numbers are computable.
From (vi) and (x) we deduce that the real zeros of the Bessel functions

are computable.

Proof of (ii).

Let H(x, y) mean "r](x) = y", and let K{x, y, z) mean "(f>(x, y) = z".
21̂  is the axiom for <f>(x, y). We take 31, to be

% & P & (F{x, y)-*Q{x, y)) & [G{x, y) & G(y, z)->G(x, z))

& (FW-*H{U, VP>)) & (J(v, w) & #(v, x) & Z(w, x} z)->H(iv, z))

& [ £ f ( w , 2) & ^ ( 2 , <)v (?(<, z)

I shall not give the proof of consistency of %n. Such a proof may be
constructed by the methods used in Hilbert and Bernays, Grundlagen der
Mathematik (Berlin, 1934), p. 209 et seq. The consistency is also clear
from the meaning.

Suppose that, for some n, N, we have shown

% &

then, for some M,

% &

&

and

Hence 21,

Also ST, &

Hence for each w some formula of the form

is provable. Also, if M'^M and i f ' ^ m and m^r)(u), then

SI, & FW^G^W), u^) v G(u^m\
8EB. 2. VOL. 42 . NO. 2145.
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and

2( & FW)-^ f {G(u^n^, w(m)) v G(u^m\

&

Hence 21, & FW"> -> ( - H { u ^ n \ u™)).

The conditions of our second definition of a computable function are
therefore satisfied. Consequently rj is a computable function.

Proof of a modified form of (iii).

Suppose that we are given a machine Tl, which, starting with a tape
bearing on it 9 9 followed by a sequence of any number of letters "F" on
P-squares and in the m-configuration b, will compute a sequence yn

depending on the number n of letters " F ". If <f>n(m) is the m-th figure of
yv, then the sequence /3 whose n-th. figure is <f>n{n) is computable.

We suppose that the table for Tl has been written out in such a way
that in each line only one operation appears in the operations column. We
also suppose that S, 0, 0, and 1 do not occur in the table, and we replace
9 throughout by 0, 0 by 0, and 1 b y l . Further substitutions are then
made. Any line of form

95

te(23, u, h, k)

93

re(93, t>, h, k)

and we add to the table the following lines:

u pe(ul5 0)

Uj. R, Pk, R, P0, R, P0 u2

u2 re(u3, u3, k, h)

u3 pe(u2, F)

and similar lines with x> for u and 1 for 0 together with the following line

c R, PE, R, Ph 6.
We then have the table for the machine (H/ which computes jS. The

initial m-configuration is c, and the initial scanned symbol is the second a.

we

and

by

21
replace by

21

any line of

21

2(

the

a-

a

form

a

a

PO

PO

Pi

Pi
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11. Application to the Entscheidungsproblem.

The results of § 8 have some important applications. In particular, they
can be used to show that the Hilbert Entscheidungsproblem can have no
solution. For the present I shall confine myself to proving this particular
theorem. For the formulation of this problem I must refer the reader to
Hilbert and Ackermann's Grundziige der Theoretischen Logik (Berlin,
1931), chapter 3.

I propose, therefore, to show that there can be no general process for
determining whether a given formula 2( of the functional calculus K is
provable, i.e. that there can be no machine which, supplied with any one
21 of these formulae, will eventually say whether 21 is provable.

It should perhaps be remarked that what I shall prove is quite different
from the well-known results of Godelf. G odel has shown that (in the forma-
lism of Principia Mathematica) there are propositions 21 such that neither
'21 nor — 21 is provable. As a consequence of this, it is shown that no proof
•of consistency of Principia Mathematica (or of K) can be given within that
formalism. On the other hand, I shall show that there is no general method
which tells whether a given formula % is provable in K, or, what comes to
the same, whether the system consisting of K with —21 adjoined as an
cextra axiom is consistent.

If the negation of what Godel has shown had been proved, i.e. if, for each
21, either 21 or — 21 is provable, then we should have an immediate solution
of the Entscheidungsproblem. For we can invent a machine JC which will
prove consecutively all provable formulae. Sooner or later JC will reach
either 21 or —21. If it reaches 21, then we know that 2( is provable. If it
reaches — 21, then, since K is consistent (Hilbert and Ackermann, p. 65), we
know that 21 is not provable.

Owing to the absence of integers in K the proofs appear somewhat
lengthy. The underlying ideas are quite straightforward.

Corresponding to each computing machine i t we construct a formula
Un (it) and we show that, if there is a general method for determining
whether Un (.11) is provable, then there is a general method for deter-
mining whether i t ever prints 0.

The interpretations of the propositional functions involved are as
follows :

Rst(
x> V) is to be interpreted as "in the complete configuration x (of

J/l) the symbol on the square y is S".

t Loc. cit.
S2
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I(x, y) is to be interpreted as "in the complete configuration x the
square y is scanned".

KQm(x) is to be interpreted as "in the complete configuration x the
m-configuration is qm.

F(x, y) is to be interpreted as sty is the immediate successor of x ".

Inst {qt Sj 8k L 37} is to be an abbreviation for

(x, y, x', y') I (BSj(x, y) k I(x, y) k K8i(x) k F(x, x') k F(y', y))

fI{x'iy')kBSk{x',y)kKqi{x')

k (z) \_F{y', z)v(RSj(x, z) + Rak(x', z)

Inst {q{ 8, Sk R qt} and Inst {qt 8j Sk N q{]

are to be abbreviations for other similarly constructed expressions.
Let us put the description of .11 into the first standard form of § 6. This

description consists of a number of expressions such as "q{ 8i Sk Lqt" (or
with ROT N substituted for L). Let us form all the corresponding expres-
sions such as Inst {qt $3- Sk L qt} and take their logical sum. This we call
Des(.U).

The formula Un(.U) is to be

{3u)[N{u) &, (x)(N{x)->{3x')F(x, X'))

&. (y, z)(F(y, z)->N(y) k N(z)) & (y) R>%(% y),

& I(u, u) & Kqi{u) & Des(..U)l

->(35) (30 [N(s) & N(t) & RSl(s, t)).

[K{u)&... &Des(.U)] may be abbreviated to A(M).
When we substitute the meanings suggested on p. 259-60 we find that

Un(.U) has the interpretation "in some complete configuration of M, S-^
(i.e. 0) appears on the tape ". Corresponding to this I prove that

(a) If Sx appears on the tape in some complete configuration of • U, then
Un(U) is provable.

(b) If Un (• U) is provable, then 8X appears on the tape in some complete
configuration of • 11.

When this has been done, the remainder of the theorem is trivial.



1936.] ON COMPUTABLE NUMBERS. 261

LEMMA 1. / / S± appears on the tape in some complete configuration of
.At, then Un(.At) is provable.

We have to show how to prove Un (it). Let us suppose that in the
n-th complete configuration the sequence of symbols on the tape is
&r(n,o)> *̂ r(n,i)5 •••> $i<n,nh followed by nothing but blanks, and that the
scanned symbol is the i(n)-th, and that the m-configuration is q^n). Then
we may form the proposition

, u) & RSrluJvF>, u') & ... & RSr{H,Mn\

which we may abbreviate to CCn.
As before, F{u, u') & F{u', u") & ... & F{u^\ w(r)) is abbreviated

to F<r).
I shall show that all formulae of the form A{-W) & F™^- CCn (abbre-

viated to CFn) are provable. The meaning of CFn is " The n-th. complete
configuration of i t is so and so ", where "so and so " stands for the actual
n-th. complete configuration of i t . That CFn should be provable is
therefore to be expected.

CF0 is certainly provable, for in the complete configuration the symbols
are all blanks, the m-configuration is qx, and the scanned square is u, i.e.
CC0 is

(y) RSo{u, y) & I(u, u) & KQl(u).

A(o\i)->CC0 is then trivial.
We next show that CFn^-CFn+1 is provable for each n. There are

three cases to consider, according as in the move from the n-th to the
(n-j-l)-th configuration the machine moves to left or to right or remains
stationary. We suppose that the first case applies, i.e. the machine
moves to the left. A similar argument applies in the other cases. If

r[n,i(n)}=a, r(n-\-l, i(n-\-l)} = c, k(i(n)j =b, and k(i(n-\-l)) =d,
then Des (it) must include Inst {qa 8b Sd L q^ as one of its terms, i.e.

Hence A(.AV) & Fin+n^1nat{qa8b8dLqc} &

But Inst{qa Sb 8dLqc} & ^ n + w^(CC n -

is provable, and so therefore is

A (• It) & F(n+»-> (CCn -» C(L .,
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and (AIM) & F™^CCn) -+ (.4(it) & F<n+V^CCn+1),

i.e. CFm-»CF.n+V

CFn is provable for each n. Now it is the assumption of this lemma
that 8± appears somewhere, in some complete configuration, in the sequence
of symbols printed by M; that is, for some integers N, K, CGN has
RS[(u^N\u^) as one of its terms, and therefore CCN^RSl{u{N\ u(K)) is
provable. We have then

and A(.M)&FW->CCN.

We also have

(3u)A(M)-+(3u)(3uf)...

where N' — max (N, K). And so

(3u) A (. U.) -> (3^7)) (3uW) RS

(3u)A(M)->(3s)(3t)RSl(s,t),

i.e. Un(-U) is provable.
This completes the proof of Lemma 1.

LEMMA 2. / / Un(-U) is provable, then S1 appears on the tape in some
complete configuration of M.

If we substitute any propositional functions for function variables in
a provable formula, we obtain a true proposition. In particular, if we
substitute the meanings tabulated on pp. 259-260 in Un(^U), we obtain a
true proposition with the meaning " S1 appears somewhere on the tape in
some complete configuration of .M".

We are now in a position to show that the Entscheidungsproblem cannot
be solved. Let us suppose the contrary. Then there is a general
(mechanical) process for determining whether Un(.tl) is provable. By
Lemmas 1 and 2, this implies that there is a process for determining whether
.41 ever prints 0, and this is impossible, by §8. Hence the Entscheidungs-
problem cannot be solved.

In view of the large number of particular cases of solutions of the
Entscheidungsproblem for formulae with restricted systems of quantors, it
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is interesting to express Un(ii) in a form in which all quantors are at the
beginning. Un(At) is, in fact, expressible in the form

{u){3x){w){3u1)...{3un)%, (I)

where 95 contains no quantors, and n = 6. By unimportant modifications
we can obtain a formula, with all essential properties of Un(.it), which is of
form (I) with n = 5.

Added 28 August, 1936.

APPENDIX.

Computabiliiy and effective calculability

The theorem that all effectively calculable (A-definable) sequences are
computable and its converse are proved below in outline. It is assumed,
that the terms "well-formed formula " (W.F.F.) and "conversion " as used
by Church and Kleene are understood. In the second of these proofs the
existence of several formulae is assumed without proof; these formulae
may be constructed straightforwardly with the help of, e.g., the
results of Kleene in "A theory of positive integers in formal logic'",
American Journal of Math., 57 (1935), 153-173, 219-244.

The W.F.F. representing an integer n will be denoted by Nn. We shall
say that a sequence y whose n-th figure is (f>y(n) is A-definable or effectively
calculable if l-\-</>y(u) is a A-definable function of n, i.e. if there is a W.F.F.
My such that, for all integers n,

i.e. {My} (Nn) is convertible into Xxy.x(x(y)) or into Xxy.x(y) according as

the n-th figure of A is 1 or 0.
To show that every A-definable sequence y is computable, we have to

show how to construct a machine to compute y. For use with machines it
is convenient to make a trivial modification in the calculus of conversion.
This alteration consists in using x, x', x", ... as variables instead of
a, b, c, .... We now construct a machine JL which, when supplied with the
formula My, writes down the sequence y. The construction of X is some-
what similar to that of the machine K which proves all provable formulae
of the functional calculus. We first construct a choice machine £-v which,
if supplied with a W.F.F., M say, and suitably manipulated, obtains any
formula into which M is convertible. £± can then be modified so as to
yield an automatic machine £-2 which obtains successively all the formulae
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into which M is convertible (cf. foot-note p. 252). The machine £>
includes ^2

 a s a Par^. The motion of the machine X when supplied
with the formula My is divided into sections of which the n-th. is
devoted to finding the n-th figure of y. The first stage in this n-th. section
is the formation of {My} {Nn). This formula is then supplied to the
machine £2, which converts it successively into various other formulae.
Each formula into which it is convertible eventually appears, and each, as
it is found, is compared with

and with Aa:|Aa;'[{a;}(a;')] |, i.e. Nv

If it is identical with the first of these, then the machine prints the figure 1
and the n-th section is finished. If it is identical with the second, then 0
is printed and the section is finished. If it is different from both, then the
work of .!!2 is resumed. By hypothesis, {My}(Nn) is convertible into one of
the formulae N2 or Nx; consequently the n-th section will eventually be
finished, i.e. the n-th. figure of y will eventually be written down.

To prove that every computable sequence y is A-defUiable, we must
show how to find a formula My such that, for all integers n,

{My}(Nn)c(mvN1+<j)y{n).

Let .11 be a machine which computes y and let us take some description
of the complete configurations of -U by means of numbers, e.g. we may take
the D.N of the complete configuration as described in §6. Let £(n) be
the D.N of the w-th complete configuration of M. The table for the
machine ..U gives us a relation between £(n-\-l) and £(n) of the form

where py is a function of very restricted, although not usually very simple,
form : it is determined by the table for. U. py is A-defmable (I omit the proof
of this), i.e. there is a W.F.F. Ay such that, for all integers n,

Let U stand for

Xu[{{u}(Ay))(Nr)],

where r=£(0); then, for all integers n,

{Uy}(NJ conv N,{n).
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It may be proved that there is a formula V such that

265

conv Nx if, in going from the n-th to the (n-\- l)-th
complete configuration, the figure 0 is
printed.

conv JV2 if the figure 1 is printed,

conv N3 otherwise.

Let Wy stand for

so that, for each integer n,

conv {Wy} (Nn),

and let Q be a formula such that

\{Q}(Wy)UNs) convNr(s),

where r(s) is the 5-th integer q for which {Wy} (NQ) is convertible into either
N-L or JVa. Then, if j|f7 stands for

it will have the required property f.

The Graduate College,
Princeton University,

New Jersey, U.S.A.

t In a complete proof of the A-definability of computable sequences it would be best to
modify this method by replacing the numerical description of the complete configurations
by a description which can be handled more easily with our apparatus. Let us choose
certain integers to represent the symbols and the m-configurations of the machine.
Suppose that in a certain complete configuration the numbers representing the successive
symbols on the tape are s1s2... sn, that the m-th symbol is scanned, and that the ?n.-configur-
ationhas the number t; then we may represent this complete configuration by the formula

where

etc.

„ N» ..., # , „ , _ , ] , [Nt, NaJ, [NSM+V ..., NSlt]],

[a, 6] stands for \u f" -{ {u} (a) )(&)]»

[a, 6, c] stands for AM P I \ {u} (a)}(b) J (c)l,
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A Mathematical Theory of Communication

By C. E. SHANNON

INTRODUCTION

T
HE recent development of various methods of modulation such as PCM and PPM which exchange
bandwidth for signal-to-noise ratio has intensified the interest in a general theory of communication. A

basis for such a theory is contained in the important papers of Nyquist1 and Hartley2 on this subject. In the
present paper we will extend the theory to include a number of new factors, in particular the effect of noise
in the channel, and the savings possible due to the statistical structure of the original message and due to the
nature of the final destination of the information.

The fundamental problem of communication is that of reproducing at one point either exactly or ap-
proximately a message selected at another point. Frequently the messages havemeaning; that is they refer
to or are correlated according to some system with certain physical or conceptual entities. These semantic
aspects of communication are irrelevant to the engineering problem. The significant aspect is that the actual
message is oneselected from a setof possible messages. The system must be designed to operate for each
possible selection, not just the one which will actually be chosen since this is unknown at the time of design.

If the number of messages in the set is finite then this number or any monotonic function of this number
can be regarded as a measure of the information produced when one message is chosen from the set, all
choices being equally likely. As was pointed out by Hartley the most natural choice is the logarithmic
function. Although this definition must be generalized considerably when we consider the influence of the
statistics of the message and when we have a continuous range of messages, we will in all cases use an
essentially logarithmic measure.

The logarithmic measure is more convenient for various reasons:

1. It is practically more useful. Parameters of engineering importance such as time, bandwidth, number
of relays, etc., tend to vary linearly with the logarithm of the number of possibilities. For example,
adding one relay to a group doubles the number of possible states of the relays. It adds 1 to the base 2
logarithm of this number. Doubling the time roughly squares the number of possible messages, or
doubles the logarithm, etc.

2. It is nearer to our intuitive feeling as to the proper measure. This is closely related to (1) since we in-
tuitively measures entities by linear comparison with common standards. One feels, for example, that
two punched cards should have twice the capacity of one for information storage, and two identical
channels twice the capacity of one for transmitting information.

3. It is mathematically more suitable. Many of the limiting operations are simple in terms of the loga-
rithm but would require clumsy restatement in terms of the number of possibilities.

The choice of a logarithmic base corresponds to the choice of a unit for measuring information. If the
base 2 is used the resulting units may be called binary digits, or more brieflybits, a word suggested by
J. W. Tukey. A device with two stable positions, such as a relay or a flip-flop circuit, can store one bit of
information.N such devices can storeN bits, since the total number of possible states is 2N and log22N = N.
If the base 10 is used the units may be called decimal digits. Since

log2M = log10M= log102

= 3:32log10M;

1Nyquist, H., “Certain Factors Affecting Telegraph Speed,”Bell System Technical Journal,April 1924, p. 324; “Certain Topics in
Telegraph Transmission Theory,”A.I.E.E. Trans.,v. 47, April 1928, p. 617.

2Hartley, R. V. L., “Transmission of Information,”Bell System Technical Journal,July 1928, p. 535.
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Fig. 1—Schematic diagram of a general communication system.

a decimal digit is about 313 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the basee is sometimes useful. The resulting units of information will be called natural units.
Change from the basea to baseb merely requires multiplication by logba.

By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of timef (t) as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f (x;y; t) of two space coordinates and time, the light intensity at point(x;y) and timet on a
pickup tube plate; (d) Two or more functions of time, sayf (t), g(t), h(t) — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables — in color television the message consists of three
functionsf (x;y; t), g(x;y; t), h(x;y; t) defined in a three-dimensional continuum — we may also think
of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitterwhich operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. Thechannelis merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. Thereceiverordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. Thedestinationis the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their

2



physical counterparts. We may roughly classify communication systems into three main categories: discrete,
continuous and mixed. By a discrete system we will mean one in which both the message and the signal
are a sequence of discrete symbols. A typical case is telegraphy where the message is a sequence of letters
and the signal a sequence of dots, dashes and spaces. A continuous system is one in which the message and
signal are both treated as continuous functions, e.g., radio or television. A mixed system is one in which
both discrete and continuous variables appear, e.g., PCM transmission of speech.

We first consider the discrete case. This case has applications not only in communication theory, but
also in the theory of computing machines, the design of telephone exchanges and other fields. In addition
the discrete case forms a foundation for the continuous and mixed cases which will be treated in the second
half of the paper.

PART I: DISCRETE NOISELESS SYSTEMS

1. THE DISCRETENOISELESSCHANNEL

Teletype and telegraphy are two simple examples of a discrete channel for transmitting information. Gen-
erally, a discrete channel will mean a system whereby a sequence of choices from a finite set of elementary
symbolsS1; : : : ;Sn can be transmitted from one point to another. Each of the symbolsSi is assumed to have
a certain duration in timeti seconds (not necessarily the same for differentSi , for example the dots and
dashes in telegraphy). It is not required that all possible sequences of theSi be capable of transmission on
the system; certain sequences only may be allowed. These will be possible signals for the channel. Thus
in telegraphy suppose the symbols are: (1) A dot, consisting of line closure for a unit of time and then line
open for a unit of time; (2) A dash, consisting of three time units of closure and one unit open; (3) A letter
space consisting of, say, three units of line open; (4) A word space of six units of line open. We might place
the restriction on allowable sequences that no spaces follow each other (for if two letter spaces are adjacent,
it is identical with a word space). The question we now consider is how one can measure the capacity of
such a channel to transmit information.

In the teletype case where all symbols are of the same duration, and any sequence of the 32 symbols
is allowed the answer is easy. Each symbol represents five bits of information. If the system transmitsn
symbols per second it is natural to say that the channel has a capacity of 5n bits per second. This does not
mean that the teletype channel will always be transmitting information at this rate — this is the maximum
possible rate and whether or not the actual rate reaches this maximum depends on the source of information
which feeds the channel, as will appear later.

In the more general case with different lengths of symbols and constraints on the allowed sequences, we
make the following definition:
Definition: The capacityC of a discrete channel is given by

C = Lim
T!∞

logN(T)

T

whereN(T) is the number of allowed signals of durationT.
It is easily seen that in the teletype case this reduces to the previous result. It can be shown that the limit

in question will exist as a finite number in most cases of interest. Suppose all sequences of the symbols
S1; : : : ;Sn are allowed and these symbols have durationst1; : : : ; tn. What is the channel capacity? IfN(t)
represents the number of sequences of durationt we have

N(t) = N(t� t1)+N(t� t2)+ � � �+N(t� tn):

The total number is equal to the sum of the numbers of sequences ending inS1;S2; : : : ;Sn and these are
N(t� t1);N(t� t2); : : : ;N(t� tn), respectively. According to a well-known result in finite differences,N(t)
is then asymptotic for larget to Xt

0 whereX0 is the largest real solution of the characteristic equation:

X�t1 +X�t2 + � � �+X�tn = 1

3



and therefore
C= logX0:

In case there are restrictions on allowed sequences we may still often obtain a difference equation of this
type and findC from the characteristic equation. In the telegraphy case mentioned above

N(t) = N(t�2)+N(t�4)+N(t�5)+N(t�7)+N(t�8)+N(t�10)

as we see by counting sequences of symbols according to the last or next to the last symbol occurring.
HenceC is� log�0 where�0 is the positive root of 1= �2+�4+�5+�7+�8+�10. Solving this we find
C = 0:539.

A very general type of restriction which may be placed on allowed sequences is the following: We
imagine a number of possible statesa1;a2; : : : ;am. For each state only certain symbols from the setS1; : : : ;Sn

can be transmitted (different subsets for the different states). When one of these has been transmitted the
state changes to a new state depending both on the old state and the particular symbol transmitted. The
telegraph case is a simple example of this. There are two states depending on whether or not a space was
the last symbol transmitted. If so, then only a dot or a dash can be sent next and the state always changes.
If not, any symbol can be transmitted and the state changes if a space is sent, otherwise it remains the same.
The conditions can be indicated in a linear graph as shown in Fig. 2. The junction points correspond to the

DASH

DOT

DASH

DOT

LETTER SPACE

WORD SPACE

Fig. 2—Graphical representation of the constraints on telegraph symbols.

states and the lines indicate the symbols possible in a state and the resulting state. In Appendix 1 it is shown
that if the conditions on allowed sequences can be described in this formC will exist and can be calculated
in accordance with the following result:

Theorem 1:Let b(s)i j be the duration of thesth symbol which is allowable in statei and leads to statej.
Then the channel capacityC is equal tologW whereW is the largest real root of the determinant equation:���∑

s
W�b

(s)
i j � �i j

���= 0

where�i j = 1 if i = j and is zero otherwise.

For example, in the telegraph case (Fig. 2) the determinant is:���� �1 (W�2+W�4)
(W�3+W�6) (W�2+W�4�1)

����= 0:

On expansion this leads to the equation given above for this case.

2. THE DISCRETESOURCE OFINFORMATION

We have seen that under very general conditions the logarithm of the number of possible signals in a discrete
channel increases linearly with time. The capacity to transmit information can be specified by giving this
rate of increase, the number of bits per second required to specify the particular signal used.

We now consider the information source. How is an information source to be described mathematically,
and how much information in bits per second is produced in a given source? The main point at issue is the
effect of statistical knowledge about the source in reducing the required capacity of the channel, by the use
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of proper encoding of the information. In telegraphy, for example, the messages to be transmitted consist of
sequences of letters. These sequences, however, are not completely random. In general, they form sentences
and have the statistical structure of, say, English. The letter E occurs more frequently than Q, the sequence
TH more frequently than XP, etc. The existence of this structure allows one to make a saving in time (or
channel capacity) by properly encoding the message sequences into signal sequences. This is already done
to a limited extent in telegraphy by using the shortest channel symbol, a dot, for the most common English
letter E; while the infrequent letters, Q, X, Z are represented by longer sequences of dots and dashes. This
idea is carried still further in certain commercial codes where common words and phrases are represented
by four- or five-letter code groups with a considerable saving in average time. The standardized greeting
and anniversary telegrams now in use extend this to the point of encoding a sentence or two into a relatively
short sequence of numbers.

We can think of a discrete source as generating the message, symbol by symbol. It will choose succes-
sive symbols according to certain probabilities depending, in general, on preceding choices as well as the
particular symbols in question. A physical system, or a mathematical model of a system which produces
such a sequence of symbols governed by a set of probabilities, is known as a stochastic process.3 We may
consider a discrete source, therefore, to be represented by a stochastic process. Conversely, any stochastic
process which produces a discrete sequence of symbols chosen from a finite set may be considered a discrete
source. This will include such cases as:

1. Natural written languages such as English, German, Chinese.

2. Continuous information sources that have been rendered discrete by some quantizing process. For
example, the quantized speech from a PCM transmitter, or a quantized television signal.

3. Mathematical cases where we merely define abstractly a stochastic process which generates a se-
quence of symbols. The following are examples of this last type of source.

(A) Suppose we have five letters A, B, C, D, E which are chosen each with probability .2, successive
choices being independent. This would lead to a sequence of which the following is a typical
example.
B D C B C E C C C A D C B D D A A E C E E A
A B B D A E E C A C E E B A E E C B C E A D.
This was constructed with the use of a table of random numbers.4

(B) Using the same five letters let the probabilities be .4, .1, .2, .2, .1, respectively, with successive
choices independent. A typical message from this source is then:

A A A C D C B D C E A A D A D A C E D A
E A D C A B E D A D D C E C A A A A A D.

(C) A more complicated structure is obtained if successive symbols are not chosen independently
but their probabilities depend on preceding letters. In the simplest case of this type a choice
depends only on the preceding letter and not on ones before that. The statistical structure can
then be described by a set of transition probabilitiespi( j), the probability that letteri is followed
by letter j. The indicesi and j range over all the possible symbols. A second equivalent way of
specifying the structure is to give the “digram” probabilitiesp(i; j), i.e., the relative frequency of
the digrami j . The letter frequenciesp(i), (the probability of letteri), the transition probabilities

3See, for example, S. Chandrasekhar, “Stochastic Problems in Physics and Astronomy,”Reviews of Modern Physics, v. 15, No. 1,
January 1943, p. 1.

4Kendall and Smith,Tables of Random Sampling Numbers,Cambridge, 1939.
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pi( j) and the digram probabilitiesp(i; j) are related by the following formulas:

p(i) = ∑
j

p(i; j) = ∑
j

p( j; i) = ∑
j

p( j)pj(i)

p(i; j) = p(i)pi( j)

∑
j

pi( j) = ∑
i

p(i) = ∑
i; j

p(i; j) = 1:

As a specific example suppose there are three letters A, B, C with the probability tables:

pi( j) j

A B C

A 0 4
5

1
5

i B 1
2

1
2 0

C 1
2

2
5

1
10

i p(i)

A 9
27

B 16
27

C 2
27

p(i; j) j

A B C

A 0 4
15

1
15

i B 8
27

8
27 0

C 1
27

4
135

1
135

A typical message from this source is the following:

A B B A B A B A B A B A B A B B B A B B B B B A B A B A B A B A B B B A C A C A B
B A B B B B A B B A B A C B B B A B A.
The next increase in complexity would involve trigram frequencies but no more. The choice of
a letter would depend on the preceding two letters but not on the message before that point. A
set of trigram frequenciesp(i; j;k) or equivalently a set of transition probabilitiespi j (k) would
be required. Continuing in this way one obtains successively more complicated stochastic pro-
cesses. In the generaln-gram case a set ofn-gram probabilitiesp(i1; i2; : : : ; in) or of transition
probabilitiespi1;i2;:::;in�1(in) is required to specify the statistical structure.

(D) Stochastic processes can also be defined which produce a text consisting of a sequence of
“words.” Suppose there are five letters A, B, C, D, E and 16 “words” in the language with
associated probabilities:

.10 A .16 BEBE .11 CABED .04 DEB

.04 ADEB .04 BED .05 CEED .15 DEED

.05 ADEE .02 BEED .08 DAB .01 EAB

.01 BADD .05 CA .04 DAD .05 EE

Suppose successive “words” are chosen independently and are separated by a space. A typical
message might be:
DAB EE A BEBE DEED DEB ADEE ADEE EE DEB BEBE BEBE BEBE ADEE BED DEED
DEED CEED ADEE A DEED DEED BEBE CABED BEBE BED DAB DEED ADEB.

If all the words are of finite length this process is equivalent to one of the preceding type, but
the description may be simpler in terms of the word structure and probabilities. We may also
generalize here and introduce transition probabilities between words, etc.

These artificial languages are useful in constructing simple problems and examples to illustrate vari-
ous possibilities. We can also approximate to a natural language by means of a series of simple artificial
languages. The zero-order approximation is obtained by choosing all letters with the same probability and
independently. The first-order approximation is obtained by choosing successive letters independently but
each letter having the same probability that it has in the natural language.5 Thus, in the first-order ap-
proximation to English, E is chosen with probability .12 (its frequency in normal English) and W with
probability .02, but there is no influence between adjacent letters and no tendency to form the preferred

5Letter, digram and trigram frequencies are given inSecret and Urgentby Fletcher Pratt, Blue Ribbon Books, 1939. Word frequen-
cies are tabulated inRelative Frequency of English Speech Sounds,G. Dewey, Harvard University Press, 1923.
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digrams such as TH, ED, etc. In the second-order approximation, digram structure is introduced. After a
letter is chosen, the next one is chosen in accordance with the frequencies with which the various letters
follow the first one. This requires a table of digram frequenciespi( j). In the third-order approximation,
trigram structure is introduced. Each letter is chosen with probabilities which depend on the preceding two
letters.

3. THE SERIES OFAPPROXIMATIONS TOENGLISH

To give a visual idea of how this series of processes approaches a language, typical sequences in the approx-
imations to English have been constructed and are given below. In all cases we have assumed a 27-symbol
“alphabet,” the 26 letters and a space.

1. Zero-order approximation (symbols independent and equiprobable).

XFOML RXKHRJFFJUJ ZLPWCFWKCYJ FFJEYVKCQSGHYD QPAAMKBZAACIBZL-
HJQD.

2. First-order approximation (symbols independent but with frequencies of English text).

OCRO HLI RGWR NMIELWIS EU LL NBNESEBYA TH EEI ALHENHTTPA OOBTTVA
NAH BRL.

3. Second-order approximation (digram structure as in English).

ON IE ANTSOUTINYS ARE T INCTORE ST BE S DEAMY ACHIN D ILONASIVE TU-
COOWE AT TEASONARE FUSO TIZIN ANDY TOBE SEACE CTISBE.

4. Third-order approximation (trigram structure as in English).

IN NO IST LAT WHEY CRATICT FROURE BIRS GROCID PONDENOME OF DEMONS-
TURES OF THE REPTAGIN IS REGOACTIONA OF CRE.

5. First-order word approximation. Rather than continue with tetragram,: : : , n-gram structure it is easier
and better to jump at this point to word units. Here words are chosen independently but with their
appropriate frequencies.

REPRESENTING AND SPEEDILY IS AN GOOD APT OR COME CAN DIFFERENT NAT-
URAL HERE HE THE A IN CAME THE TO OF TO EXPERT GRAY COME TO FURNISHES
THE LINE MESSAGE HAD BE THESE.

6. Second-order word approximation. The word transition probabilities are correct but no further struc-
ture is included.

THE HEAD AND IN FRONTAL ATTACK ON AN ENGLISH WRITER THAT THE CHAR-
ACTER OF THIS POINT IS THEREFORE ANOTHER METHOD FOR THE LETTERS THAT
THE TIME OF WHO EVER TOLD THE PROBLEM FOR AN UNEXPECTED.

The resemblance to ordinary English text increases quite noticeably at each of the above steps. Note that
these samples have reasonably good structure out to about twice the range that is taken into account in their
construction. Thus in (3) the statistical process insures reasonable text for two-letter sequences, but four-
letter sequences from the sample can usually be fitted into good sentences. In (6) sequences of four or more
words can easily be placed in sentences without unusual or strained constructions. The particular sequence
of ten words “attack on an English writer that the character of this” is not at all unreasonable. It appears then
that a sufficiently complex stochastic process will give a satisfactory representation of a discrete source.

The first two samples were constructed by the use of a book of random numbers in conjunction with
(for example 2) a table of letter frequencies. This method might have been continued for (3), (4) and (5),
since digram, trigram and word frequency tables are available, but a simpler equivalent method was used.
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To construct (3) for example, one opens a book at random and selects a letter at random on the page. This
letter is recorded. The book is then opened to another page and one reads until this letter is encountered.
The succeeding letter is then recorded. Turning to another page this second letter is searched for and the
succeeding letter recorded, etc. A similar process was used for (4), (5) and (6). It would be interesting if
further approximations could be constructed, but the labor involved becomes enormous at the next stage.

4. GRAPHICAL REPRESENTATION OF AMARKOFF PROCESS

Stochastic processes of the type described above are known mathematically as discrete Markoff processes
and have been extensively studied in the literature.6 The general case can be described as follows: There
exist a finite number of possible “states” of a system;S1;S2; : : : ;Sn. In addition there is a set of transition
probabilities;pi( j) the probability that if the system is in stateSi it will next go to stateSj . To make this
Markoff process into an information source we need only assume that a letter is produced for each transition
from one state to another. The states will correspond to the “residue of influence” from preceding letters.

The situation can be represented graphically as shown in Figs. 3, 4 and 5. The “states” are the junction

A
B

C

D

E

.1

.1

.2

.2

.4

Fig. 3—A graph corresponding to the source in example B.

points in the graph and the probabilities and letters produced for a transition are given beside the correspond-
ing line. Figure 3 is for the example B in Section 2, while Fig. 4 corresponds to the example C. In Fig. 3

A
A

B

B

BC

C

.1

.5 .5

.5

.2
.8

.4

Fig. 4—A graph corresponding to the source in example C.

there is only one state since successive letters are independent. In Fig. 4 there are as many states as letters.
If a trigram example were constructed there would be at mostn2 states corresponding to the possible pairs
of letters preceding the one being chosen. Figure 5 is a graph for the case of word structure in example D.
Here S corresponds to the “space” symbol.

5. ERGODIC AND MIXED SOURCES

As we have indicated above a discrete source for our purposes can be considered to be represented by a
Markoff process. Among the possible discrete Markoff processes there is a group with special properties
of significance in communication theory. This special class consists of the “ergodic” processes and we
shall call the corresponding sources ergodic sources. Although a rigorous definition of an ergodic process is
somewhat involved, the general idea is simple. In an ergodic process every sequence produced by the process

6For a detailed treatment see M. Fr´echet,Méthode des fonctions arbitraires. Th´eorie des ´evénements en chaˆıne dans le cas d’un
nombre fini d’états possibles. Paris, Gauthier-Villars, 1938.

8



is the same in statistical properties. Thus the letter frequencies, digram frequencies, etc., obtained from
particular sequences, will, as the lengths of the sequences increase, approach definite limits independent
of the particular sequence. Actually this is not true of every sequence but the set for which it is false has
probability zero. Roughly the ergodic property means statistical homogeneity.

All the examples of artificial languages given above are ergodic. This property is related to the structure
of the corresponding graph. If the graph has the following two properties7 the corresponding process will
be ergodic:

1. The graph does not consist of two isolated parts A and B such that it is impossible to go from junction
points in part A to junction points in part B along lines of the graph in the direction of arrows and also
impossible to go from junctions in part B to junctions in part A.

2. A closed series of lines in the graph with all arrows on the lines pointing in the same orientation will
be called a “circuit.” The “length” of a circuit is the number of lines in it. Thus in Fig. 5 series BEBES
is a circuit of length 5. The second property required is that the greatest common divisor of the lengths
of all circuits in the graph be one.

S

S

S

A

A

A

A

A

B

B

B

B

B

B B
C

D

D

D

D

D

D

E

E

E

E

E

E

E

E

E

E

E

Fig. 5—A graph corresponding to the source in example D.

If the first condition is satisfied but the second one violated by having the greatest common divisor equal
to d > 1, the sequences have a certain type of periodic structure. The various sequences fall intod different
classes which are statistically the same apart from a shift of the origin (i.e., which letter in the sequence is
called letter 1). By a shift of from 0 up tod�1 any sequence can be made statistically equivalent to any
other. A simple example withd = 2 is the following: There are three possible lettersa;b;c. Letter a is
followed with eitherb or c with probabilities1

3 and 2
3 respectively. Eitherb or c is always followed by letter

a. Thus a typical sequence is
a b a c a c a c a b a c a b a b a c a c:

This type of situation is not of much importance for our work.
If the first condition is violated the graph may be separated into a set of subgraphs each of which satisfies

the first condition. We will assume that the second condition is also satisfied for each subgraph. We have in
this case what may be called a “mixed” source made up of a number of pure components. The components
correspond to the various subgraphs. IfL1, L2, L3; : : : are the component sources we may write

L = p1L1+ p2L2+ p3L3+ � � �
7These are restatements in terms of the graph of conditions given in Fr´echet.
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wherepi is the probability of the component sourceLi .
Physically the situation represented is this: There are several different sourcesL1, L2, L3; : : : which are

each of homogeneous statistical structure (i.e., they are ergodic). We do not knowa priori which is to be
used, but once the sequence starts in a given pure componentLi , it continues indefinitely according to the
statistical structure of that component.

As an example one may take two of the processes defined above and assumep1 = :2 andp2 = :8. A
sequence from the mixed source

L = :2L1+ :8L2

would be obtained by choosing firstL1 or L2 with probabilities .2 and .8 and after this choice generating a
sequence from whichever was chosen.

Except when the contrary is stated we shall assume a source to be ergodic. This assumption enables one
to identify averages along a sequence with averages over the ensemble of possible sequences (the probability
of a discrepancy being zero). For example the relative frequency of the letter A in a particular infinite
sequence will be, with probability one, equal to its relative frequency in the ensemble of sequences.

If Pi is the probability of statei andpi( j) the transition probability to statej, then for the process to be
stationary it is clear that thePi must satisfy equilibrium conditions:

Pj = ∑
i

Pi pi( j):

In the ergodic case it can be shown that with any starting conditions the probabilitiesPj(N) of being in state
j afterN symbols, approach the equilibrium values asN! ∞.

6. CHOICE, UNCERTAINTY AND ENTROPY

We have represented a discrete information source as a Markoff process. Can we define a quantity which
will measure, in some sense, how much information is “produced” by such a process, or better, at what rate
information is produced?

Suppose we have a set of possible events whose probabilities of occurrence arep1; p2; : : : ; pn. These
probabilities are known but that is all we know concerning which event will occur. Can we find a measure
of how much “choice” is involved in the selection of the event or of how uncertain we are of the outcome?

If there is such a measure, sayH(p1; p2; : : : ; pn), it is reasonable to require of it the following properties:

1. H should be continuous in thepi .

2. If all the pi are equal,pi =
1
n, thenH should be a monotonic increasing function ofn. With equally

likely events there is more choice, or uncertainty, when there are more possible events.

3. If a choice be broken down into two successive choices, the originalH should be the weighted sum
of the individual values ofH. The meaning of this is illustrated in Fig. 6. At the left we have three

1/2

1/3

1/6

1/2

1/2
2/3

1/3

1/2

1/3

1/6

Fig. 6—Decomposition of a choice from three possibilities.

possibilitiesp1 =
1
2, p2 =

1
3, p3 =

1
6. On the right we first choose between two possibilities each with

probability 1
2, and if the second occurs make another choice with probabilities2

3, 1
3. The final results

have the same probabilities as before. We require, in this special case, that

H(1
2;

1
3;

1
6) = H(1

2;
1
2)+

1
2H(2

3;
1
3):

The coefficient12 is because this second choice only occurs half the time.
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In Appendix 2, the following result is established:

Theorem 2:The onlyH satisfying the three above assumptions is of the form:

H =�K
n

∑
i=1

pi logpi

whereK is a positive constant.

This theorem, and the assumptions required for its proof, are in no way necessary for the present theory.
It is given chiefly to lend a certain plausibility to some of our later definitions. The real justification of these
definitions, however, will reside in their implications.

Quantities of the formH=�∑ pi logpi (the constantK merely amounts to a choice of a unit of measure)
play a central role in information theory as measures of information, choice and uncertainty. The form ofH
will be recognized as that of entropy as defined in certain formulations of statistical mechanics8 wherepi is
the probability of a system being in celli of its phase space.H is then, for example, theH in Boltzmann’s
famousH theorem. We shall callH =�∑ pi logpi the entropy of the set of probabilitiesp1; : : : ; pn. If x is a
chance variable we will writeH(x) for its entropy; thusx is not an argument of a function but a label for a
number, to differentiate it fromH(y) say, the entropy of the chance variabley.

The entropy in the case of two possibilities with probabilitiesp andq= 1� p, namely

H =�(plogp+qlogq)

is plotted in Fig. 7 as a function ofp.

H
BITS

p

0

.1

.2

.3

.4

.5

.6

.7

.8

.9

1.0

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

Fig. 7—Entropy in the case of two possibilities with probabilitiesp and(1� p).

The quantityH has a number of interesting properties which further substantiate it as a reasonable
measure of choice or information.

1. H = 0 if and only if all thepi but one are zero, this one having the value unity. Thus only when we
are certain of the outcome doesH vanish. OtherwiseH is positive.

2. For a givenn, H is a maximum and equal to logn when all thepi are equal (i.e.,1n). This is also
intuitively the most uncertain situation.

8See, for example, R. C. Tolman,Principles of Statistical Mechanics,Oxford, Clarendon, 1938.
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3. Suppose there are two events,x andy, in question withmpossibilities for the first andn for the second.
Let p(i; j) be the probability of the joint occurrence ofi for the first andj for the second. The entropy of the
joint event is

H(x;y) =�∑
i; j

p(i; j) log p(i; j)

while

H(x) =�∑
i; j

p(i; j) log∑
j

p(i; j)

H(y) =�∑
i; j

p(i; j) log∑
i

p(i; j):

It is easily shown that
H(x;y)�H(x)+H(y)

with equality only if the events are independent (i.e.,p(i; j) = p(i)p( j)). The uncertainty of a joint event is
less than or equal to the sum of the individual uncertainties.

4. Any change toward equalization of the probabilitiesp1; p2; : : : ; pn increasesH. Thus if p1 < p2 and
we increasep1, decreasingp2 an equal amount so thatp1 andp2 are more nearly equal, thenH increases.
More generally, if we perform any “averaging” operation on thepi of the form

p0i = ∑
j

ai j pj

where∑i ai j = ∑ j ai j = 1, and allai j � 0, thenH increases (except in the special case where this transfor-
mation amounts to no more than a permutation of thepj with H of course remaining the same).

5. Suppose there are two chance eventsx andy as in 3, not necessarily independent. For any particular
valuei thatx can assume there is a conditional probabilitypi( j) thaty has the valuej. This is given by

pi( j) =
p(i; j)

∑ j p(i; j)
:

We define theconditional entropyof y, Hx(y) as the average of the entropy ofy for each value ofx, weighted
according to the probability of getting that particularx. That is

Hx(y) =�∑
i; j

p(i; j) logpi( j) :

This quantity measures how uncertain we are ofy on the average when we knowx. Substituting the value of
pi( j) we obtain

Hx(y) =�∑
i; j

p(i; j) log p(i; j)+∑
i; j

p(i; j) log∑
j

p(i; j)

= H(x;y)�H(x)

or
H(x;y) = H(x)+Hx(y):

The uncertainty (or entropy) of the joint eventx;y is the uncertainty ofx plus the uncertainty ofy whenx is
known.

6. From 3 and 5 we have
H(x)+H(y)�H(x;y) = H(x)+Hx(y):

Hence
H(y)�Hx(y):

The uncertainty ofy is never increased by knowledge ofx. It will be decreased unlessxandyare independent
events, in which case it is not changed.
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7. THE ENTROPY OF ANINFORMATION SOURCE

Consider a discrete source of the finite state type considered above. For each possible statei there will be a
set of probabilitiespi( j) of producing the various possible symbolsj. Thus there is an entropyHi for each
state. The entropy of the source will be defined as the average of theseHi weighted in accordance with the
probability of occurrence of the states in question:

H = ∑
i

PiHi

=�∑
i; j

Pi pi( j) log pi( j) :

This is the entropy of the source per symbol of text. If the Markoff process is proceeding at a definite time
rate there is also an entropy per second

H 0 = ∑
i

fiHi

where fi is the average frequency (occurrences per second) of statei. Clearly

H 0 = mH

wherem is the average number of symbols produced per second.H or H 0 measures the amount of informa-
tion generated by the source per symbol or per second. If the logarithmic base is 2, they will represent bits
per symbol or per second.

If successive symbols are independent thenH is simply�∑ pi logpi wherepi is the probability of sym-
bol i. Suppose in this case we consider a long message ofN symbols. It will contain with high probability
aboutp1N occurrences of the first symbol,p2N occurrences of the second, etc. Hence the probability of this
particular message will be roughly

p= pp1N
1 pp2N

2 � � � ppnN
n

or

logp
:
= N∑

i

pi logpi

logp
:
=�NH

H
:
=

log1=p
N

:

H is thus approximately the logarithm of the reciprocal probability of a typical long sequence divided by the
number of symbols in the sequence. The same result holds for any source. Stated more precisely we have
(see Appendix 3):

Theorem 3:Given any� > 0 and� > 0, we can find anN0 such that the sequences of any lengthN�N0

fall into two classes:

1. A set whose total probability is less than�.

2. The remainder, all of whose members have probabilities satisfying the inequality���� logp�1

N
�H

����< �:

In other words we are almost certain to have
logp�1

N
very close toH whenN is large.

A closely related result deals with the number of sequences of various probabilities. Consider again the
sequences of lengthN and let them be arranged in order of decreasing probability. We definen(q) to be
the number we must take from this set starting with the most probable one in order to accumulate a total
probabilityq for those taken.
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Theorem 4:

Lim
N!∞

logn(q)
N

= H

whenq does not equal0 or 1.

We may interpret logn(q) as the number of bits required to specify the sequence when we consider only

the most probable sequences with a total probabilityq. Then
logn(q)

N
is the number of bits per symbol for

the specification. The theorem says that for largeN this will be independent ofq and equal toH. The rate
of growth of the logarithm of the number of reasonably probable sequences is given byH, regardless of our
interpretation of “reasonably probable.” Due to these results, which are proved in Appendix 3, it is possible
for most purposes to treat the long sequences as though there were just 2HN of them, each with a probability
2�HN.

The next two theorems show thatH and H 0 can be determined by limiting operations directly from
the statistics of the message sequences, without reference to the states and transition probabilities between
states.

Theorem 5:Let p(Bi) be the probability of a sequenceBi of symbols from the source. Let

GN =� 1
N ∑

i
p(Bi) logp(Bi)

where the sum is over all sequencesBi containingN symbols. ThenGN is a monotonic decreasing function
of N and

Lim
N!∞

GN = H:

Theorem 6:Let p(Bi ;Sj) be the probability of sequenceBi followed by symbolSj and pBi (Sj) =
p(Bi ;Sj)=p(Bi) be the conditional probability ofSj afterBi . Let

FN =�∑
i; j

p(Bi ;Sj) logpBi (Sj)

where the sum is over all blocksBi of N� 1 symbols and over all symbolsSj . ThenFN is a monotonic
decreasing function ofN,

FN = NGN� (N�1)GN�1;

GN =
1
N

N

∑
n=1

Fn;

FN �GN;

andLimN!∞ FN = H.

These results are derived in Appendix 3. They show that a series of approximations toH can be obtained
by considering only the statistical structure of the sequences extending over 1;2; : : : ;N symbols.FN is the
better approximation. In factFN is the entropy of theNth order approximation to the source of the type
discussed above. If there are no statistical influences extending over more thanN symbols, that is if the
conditional probability of the next symbol knowing the preceding(N�1) is not changed by a knowledge of
any before that, thenFN = H. FN of course is the conditional entropy of the next symbol when the(N�1)
preceding ones are known, whileGN is the entropy per symbol of blocks ofN symbols.

The ratio of the entropy of a source to the maximum value it could have while still restricted to the same
symbols will be called itsrelative entropy. This is the maximum compression possible when we encode into
the same alphabet. One minus the relative entropy is theredundancy. The redundancy of ordinary English,
not considering statistical structure over greater distances than about eight letters, is roughly 50%. This
means that when we write English half of what we write is determined by the structure of the language and
half is chosen freely. The figure 50% was found by several independent methods which all gave results in
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this neighborhood. One is by calculation of the entropy of the approximations to English. A second method
is to delete a certain fraction of the letters from a sample of English text and then let someone attempt to
restore them. If they can be restored when 50% are deleted the redundancy must be greater than 50%. A
third method depends on certain known results in cryptography.

Two extremes of redundancy in English prose are represented by Basic English and by James Joyce’s
book “Finnegans Wake”. The Basic English vocabulary is limited to 850 words and the redundancy is very
high. This is reflected in the expansion that occurs when a passage is translated into Basic English. Joyce
on the other hand enlarges the vocabulary and is alleged to achieve a compression of semantic content.

The redundancy of a language is related to the existence of crossword puzzles. If the redundancy is
zero any sequence of letters is a reasonable text in the language and any two-dimensional array of letters
forms a crossword puzzle. If the redundancy is too high the language imposes too many constraints for large
crossword puzzles to be possible. A more detailed analysis shows that if we assume the constraints imposed
by the language are of a rather chaotic and random nature, large crossword puzzles are just possible when
the redundancy is 50%. If the redundancy is 33%, three-dimensional crossword puzzles should be possible,
etc.

8. REPRESENTATION OF THEENCODING AND DECODING OPERATIONS

We have yet to represent mathematically the operations performed by the transmitter and receiver in en-
coding and decoding the information. Either of these will be called a discrete transducer. The input to the
transducer is a sequence of input symbols and its output a sequence of output symbols. The transducer may
have an internal memory so that its output depends not only on the present input symbol but also on the past
history. We assume that the internal memory is finite, i.e., there exist a finite numbermof possible states of
the transducer and that its output is a function of the present state and the present input symbol. The next
state will be a second function of these two quantities. Thus a transducer can be described by two functions:

yn = f (xn;�n)

�n+1 = g(xn;�n)

where

xn is thenth input symbol,

�n is the state of the transducer when thenth input symbol is introduced,

yn is the output symbol (or sequence of output symbols) produced whenxn is introduced if the state is�n.

If the output symbols of one transducer can be identified with the input symbols of a second, they can be
connected in tandem and the result is also a transducer. If there exists a second transducer which operates
on the output of the first and recovers the original input, the first transducer will be called non-singular and
the second will be called its inverse.

Theorem 7:The output of a finite state transducer driven by a finite state statistical source is a finite
state statistical source, with entropy (per unit time) less than or equal to that of the input. If the transducer
is non-singular they are equal.

Let� represent the state of the source, which produces a sequence of symbolsxi ; and let� be the state of
the transducer, which produces, in its output, blocks of symbolsyj . The combined system can be represented
by the “product state space” of pairs(�;�). Two points in the space(�1;�1) and(�2;�2), are connected by
a line if �1 can produce anx which changes�1 to �2, and this line is given the probability of thatx in this
case. The line is labeled with the block ofyj symbols produced by the transducer. The entropy of the output
can be calculated as the weighted sum over the states. If we sum first on� each resulting term is less than or
equal to the corresponding term for�, hence the entropy is not increased. If the transducer is non-singular
let its output be connected to the inverse transducer. IfH 0

1, H 0

2 andH 0

3 are the output entropies of the source,
the first and second transducers respectively, thenH 0

1�H 0

2�H 0

3 = H 0

1 and thereforeH 0

1 = H 0

2.
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Suppose we have a system of constraints on possible sequences of the type which can be represented by

a linear graph as in Fig. 2. If probabilitiesp(s)i j were assigned to the various lines connecting statei to statej
this would become a source. There is one particular assignment which maximizes the resulting entropy (see
Appendix 4).

Theorem 8:Let the system of constraints considered as a channel have a capacityC = logW. If we
assign

p(s)i j =
Bj

Bi
W�`

(s)
i j

where`(s)i j is the duration of thesth symbol leading from statei to statej and theBi satisfy

Bi = ∑
s; j

BjW
�`

(s)
i j

thenH is maximized and equal toC.

By proper assignment of the transition probabilities the entropy of symbols on a channel can be maxi-
mized at the channel capacity.

9. THE FUNDAMENTAL THEOREM FOR ANOISELESSCHANNEL

We will now justify our interpretation ofH as the rate of generating information by proving thatH deter-
mines the channel capacity required with most efficient coding.

Theorem 9:Let a source have entropyH (bits per symbol) and a channel have a capacityC (bits per
second). Then it is possible to encode the output of the source in such a way as to transmit at the average

rate
C
H
� � symbols per second over the channel where� is arbitrarily small. It is not possible to transmit at

an average rate greater than
C
H

.

The converse part of the theorem, that
C
H

cannot be exceeded, may be proved by noting that the entropy

of the channel input per second is equal to that of the source, since the transmitter must be non-singular, and
also this entropy cannot exceed the channel capacity. HenceH 0 �C and the number of symbols per second
= H 0=H �C=H.

The first part of the theorem will be proved in two different ways. The first method is to consider the
set of all sequences ofN symbols produced by the source. ForN large we can divide these into two groups,
one containing less than 2(H+�)N members and the second containing less than 2RN members (whereR is
the logarithm of the number of different symbols) and having a total probability less than�. As N increases
� and� approach zero. The number of signals of durationT in the channel is greater than 2(C��)T with �
small whenT is large. if we choose

T =

�
H
C

+�

�
N

then there will be a sufficient number of sequences of channel symbols for the high probability group when
N andT are sufficiently large (however small�) and also some additional ones. The high probability group
is coded in an arbitrary one-to-one way into this set. The remaining sequences are represented by larger
sequences, starting and ending with one of the sequences not used for the high probability group. This
special sequence acts as a start and stop signal for a different code. In between a sufficient time is allowed
to give enough different sequences for all the low probability messages. This will require

T1 =

�
R
C
+'

�
N

where' is small. The mean rate of transmission in message symbols per second will then be greater than�
(1� �)

T
N

+ �
T1

N

#�1

=

�
(1� �)

�H
C

+�
�
+ �

�R
C
+'

���1

:
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As N increases�, � and' approach zero and the rate approaches
C
H

.

Another method of performing this coding and thereby proving the theorem can be described as follows:
Arrange the messages of lengthN in order of decreasing probability and suppose their probabilities are
p1� p2� p3 � � � � pn. Let Ps = ∑s�1

1 pi ; that isPs is the cumulative probability up to, but not including,ps.
We first encode into a binary system. The binary code for messages is obtained by expandingPs as a binary
number. The expansion is carried out toms places, wherems is the integer satisfying:

log2
1
ps
�ms< 1+ log2

1
ps
:

Thus the messages of high probability are represented by short codes and those of low probability by long
codes. From these inequalities we have

1
2ms

� ps<
1

2ms�1 :

The code forPs will differ from all succeeding ones in one or more of itsms places, since all the remaining
Pi are at least 1

2ms larger and their binary expansions therefore differ in the firstms places. Consequently all
the codes are different and it is possible to recover the message from its code. If the channel sequences are
not already sequences of binary digits, they can be ascribed binary numbers in an arbitrary fashion and the
binary code thus translated into signals suitable for the channel.

The average numberH 0 of binary digits used per symbol of original message is easily estimated. We
have

H 0 =
1
N ∑msps:

But,
1
N ∑

�
log2

1
ps

�
ps� 1

N ∑msps <
1
N ∑

�
1+ log2

1
ps

�
ps

and therefore,

GN �H 0 < GN +
1
N

As N increasesGN approachesH, the entropy of the source andH 0 approachesH.
We see from this that the inefficiency in coding, when only a finite delay ofN symbols is used, need

not be greater than1N plus the difference between the true entropyH and the entropyGN calculated for
sequences of lengthN. The per cent excess time needed over the ideal is therefore less than

GN

H
+

1
HN

�1:

This method of encoding is substantially the same as one found independently by R. M. Fano.9 His
method is to arrange the messages of lengthN in order of decreasing probability. Divide this series into two
groups of as nearly equal probability as possible. If the message is in the first group its first binary digit
will be 0, otherwise 1. The groups are similarly divided into subsets of nearly equal probability and the
particular subset determines the second binary digit. This process is continued until each subset contains
only one message. It is easily seen that apart from minor differences (generally in the last digit) this amounts
to the same thing as the arithmetic process described above.

10. DISCUSSION ANDEXAMPLES

In order to obtain the maximum power transfer from a generator to a load, a transformer must in general be
introduced so that the generator as seen from the load has the load resistance. The situation here is roughly
analogous. The transducer which does the encoding should match the source to the channel in a statistical
sense. The source as seen from the channel through the transducer should have the same statistical structure

9Technical Report No. 65, The Research Laboratory of Electronics, M.I.T., March 17, 1949.
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as the source which maximizes the entropy in the channel. The content of Theorem 9 is that, although an
exact match is not in general possible, we can approximate it as closely as desired. The ratio of the actual
rate of transmission to the capacityC may be called the efficiency of the coding system. This is of course
equal to the ratio of the actual entropy of the channel symbols to the maximum possible entropy.

In general, ideal or nearly ideal encoding requires a long delay in the transmitter and receiver. In the
noiseless case which we have been considering, the main function of this delay is to allow reasonably good
matching of probabilities to corresponding lengths of sequences. With a good code the logarithm of the
reciprocal probability of a long message must be proportional to the duration of the corresponding signal, in
fact ��� logp�1

T
�C

���
must be small for all but a small fraction of the long messages.

If a source can produce only one particular message its entropy is zero, and no channel is required. For
example, a computing machine set up to calculate the successive digits of� produces a definite sequence
with no chance element. No channel is required to “transmit” this to another point. One could construct a
second machine to compute the same sequence at the point. However, this may be impractical. In such a case
we can choose to ignore some or all of the statistical knowledge we have of the source. We might consider
the digits of� to be a random sequence in that we construct a system capable of sending any sequence of
digits. In a similar way we may choose to use some of our statistical knowledge of English in constructing
a code, but not all of it. In such a case we consider the source with the maximum entropy subject to the
statistical conditions we wish to retain. The entropy of this source determines the channel capacity which
is necessary and sufficient. In the� example the only information retained is that all the digits are chosen
from the set 0;1; : : : ;9. In the case of English one might wish to use the statistical saving possible due to
letter frequencies, but nothing else. The maximum entropy source is then the first approximation to English
and its entropy determines the required channel capacity.

As a simple example of some of these results consider a source which produces a sequence of letters
chosen from amongA, B,C, D with probabilities1

2, 1
4, 1

8, 1
8, successive symbols being chosen independently.

We have

H =��1
2 log 1

2 +
1
4 log 1

4 +
2
8 log 1

8

�
= 7

4 bits per symbol:

Thus we can approximate a coding system to encode messages from this source into binary digits with an
average of74 binary digit per symbol. In this case we can actually achieve the limiting value by the following
code (obtained by the method of the second proof of Theorem 9):

A 0
B 10
C 110
D 111

The average number of binary digits used in encoding a sequence ofN symbols will be

N
�

1
2�1+ 1

4�2+
2
8
�3

�
= 7

4N:

It is easily seen that the binary digits 0, 1 have probabilities1
2, 1

2 so theH for the coded sequences is one
bit per symbol. Since, on the average, we have7

4 binary symbols per original letter, the entropies on a time
basis are the same. The maximum possible entropy for the original set is log4= 2, occurring whenA, B, C,
D have probabilities14, 1

4, 1
4, 1

4. Hence the relative entropy is78. We can translate the binary sequences into
the original set of symbols on a two-to-one basis by the following table:

00 A0

01 B0

10 C0

11 D0
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This double process then encodes the original message into the same symbols but with an average compres-
sion ratio7

8.
As a second example consider a source which produces a sequence ofA’s andB’s with probabilityp for

A andq for B. If p� q we have

H =� logpp(1� p)1�p

=�plogp(1� p)(1�p)=p

:
= plog

e
p
:

In such a case one can construct a fairly good coding of the message on a 0, 1 channel by sending a special
sequence, say 0000, for the infrequent symbolA and then a sequence indicating thenumberof B’s following
it. This could be indicated by the binary representation with all numbers containing the special sequence
deleted. All numbers up to 16 are represented as usual; 16 is represented by the next binary number after 16
which does not contain four zeros, namely 17= 10001, etc.

It can be shown that asp! 0 the coding approaches ideal provided the length of the special sequence is
properly adjusted.

PART II: THE DISCRETE CHANNEL WITH NOISE

11. REPRESENTATION OF ANOISY DISCRETECHANNEL

We now consider the case where the signal is perturbed by noise during transmission or at one or the other
of the terminals. This means that the received signal is not necessarily the same as that sent out by the
transmitter. Two cases may be distinguished. If a particular transmitted signal always produces the same
received signal, i.e., the received signal is a definite function of the transmitted signal, then the effect may be
called distortion. If this function has an inverse — no two transmitted signals producing the same received
signal — distortion may be corrected, at least in principle, by merely performing the inverse functional
operation on the received signal.

The case of interest here is that in which the signal does not always undergo the same change in trans-
mission. In this case we may assume the received signalE to be a function of the transmitted signalSand a
second variable, the noiseN.

E = f (S;N)

The noise is considered to be a chance variable just as the message was above. In general it may be repre-
sented by a suitable stochastic process. The most general type of noisy discrete channel we shall consider
is a generalization of the finite state noise-free channel described previously. We assume a finite number of
states and a set of probabilities

p�;i(�; j):

This is the probability, if the channel is in state� and symboli is transmitted, that symbolj will be received
and the channel left in state�. Thus� and� range over the possible states,i over the possible transmitted
signals andj over the possible received signals. In the case where successive symbols are independently per-
turbed by the noise there is only one state, and the channel is described by the set of transition probabilities
pi( j), the probability of transmitted symboli being received asj.

If a noisy channel is fed by a source there are two statistical processes at work: the source and the noise.
Thus there are a number of entropies that can be calculated. First there is the entropyH(x) of the source
or of the input to the channel (these will be equal if the transmitter is non-singular). The entropy of the
output of the channel, i.e., the received signal, will be denoted byH(y). In the noiseless caseH(y) = H(x).
The joint entropy of input and output will beH(xy). Finally there are two conditional entropiesHx(y) and
Hy(x), the entropy of the output when the input is known and conversely. Among these quantities we have
the relations

H(x;y) = H(x)+Hx(y) = H(y)+Hy(x):

All of these entropies can be measured on a per-second or a per-symbol basis.
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12. EQUIVOCATION AND CHANNEL CAPACITY

If the channel is noisy it is not in general possible to reconstruct the original message or the transmitted
signal withcertaintyby any operation on the received signalE. There are, however, ways of transmitting
the information which are optimal in combating noise. This is the problem which we now consider.

Suppose there are two possible symbols 0 and 1, and we are transmitting at a rate of 1000 symbols per
second with probabilitiesp0 = p1 = 1

2. Thus our source is producing information at the rate of 1000 bits
per second. During transmission the noise introduces errors so that, on the average, 1 in 100 is received
incorrectly (a 0 as 1, or 1 as 0). What is the rate of transmission of information? Certainly less than 1000
bits per second since about 1% of the received symbols are incorrect. Our first impulse might be to say
the rate is 990 bits per second, merely subtracting the expected number of errors. This is not satisfactory
since it fails to take into account the recipient’s lack of knowledge of where the errors occur. We may carry
it to an extreme case and suppose the noise so great that the received symbols are entirely independent of
the transmitted symbols. The probability of receiving 1 is1

2 whatever was transmitted and similarly for 0.
Then about half of the received symbols are correct due to chance alone, and we would be giving the system
credit for transmitting 500 bits per second while actually no information is being transmitted at all. Equally
“good” transmission would be obtained by dispensing with the channel entirely and flipping a coin at the
receiving point.

Evidently the proper correction to apply to the amount of information transmitted is the amount of this
information which is missing in the received signal, or alternatively the uncertainty when we have received
a signal of what was actually sent. From our previous discussion of entropy as a measure of uncertainty it
seems reasonable to use the conditional entropy of the message, knowing the received signal, as a measure
of this missing information. This is indeed the proper definition, as we shall see later. Following this idea
the rate of actual transmission,R, would be obtained by subtracting from the rate of production (i.e., the
entropy of the source) the average rate of conditional entropy.

R= H(x)�Hy(x)

The conditional entropyHy(x) will, for convenience, be called the equivocation. It measures the average
ambiguity of the received signal.

In the example considered above, if a 0 is received thea posterioriprobability that a 0 was transmitted
is .99, and that a 1 was transmitted is .01. These figures are reversed if a 1 is received. Hence

Hy(x) =�[:99log:99+0:01log0:01]

= :081 bits/symbol

or 81 bits per second. We may say that the system is transmitting at a rate 1000�81= 919 bits per second.
In the extreme case where a 0 is equally likely to be received as a 0 or 1 and similarly for 1, thea posteriori
probabilities are1

2, 1
2 and

Hy(x) =�
�1

2 log 1
2 +

1
2 log 1

2

�
= 1 bit per symbol

or 1000 bits per second. The rate of transmission is then 0 as it should be.
The following theorem gives a direct intuitive interpretation of the equivocation and also serves to justify

it as the unique appropriate measure. We consider a communication system and an observer (or auxiliary
device) who can see both what is sent and what is recovered (with errors due to noise). This observer notes
the errors in the recovered message and transmits data to the receiving point over a “correction channel” to
enable the receiver to correct the errors. The situation is indicated schematically in Fig. 8.

Theorem 10:If the correction channel has a capacity equal toHy(x) it is possible to so encode the
correction data as to send it over this channel and correct all but an arbitrarily small fraction� of the errors.
This is not possible if the channel capacity is less thanHy(x).
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Fig. 8—Schematic diagram of a correction system.

Roughly then,Hy(x) is the amount of additional information that must be supplied per second at the
receiving point to correct the received message.

To prove the first part, consider long sequences of received messageM0 and corresponding original
messageM. There will be logarithmicallyTHy(x) of theM’s which could reasonably have produced each
M0. Thus we haveTHy(x) binary digits to send eachT seconds. This can be done with� frequency of errors
on a channel of capacityHy(x).

The second part can be proved by noting, first, that for any discrete chance variablesx, y, z

Hy(x;z)�Hy(x):

The left-hand side can be expanded to give

Hy(z)+Hyz(x)�Hy(x)

Hyz(x)�Hy(x)�Hy(z)�Hy(x)�H(z):

If we identifyx as the output of the source,y as the received signal andzas the signal sent over the correction
channel, then the right-hand side is the equivocation less the rate of transmission over the correction channel.
If the capacity of this channel is less than the equivocation the right-hand side will be greater than zero and
Hyz(x)> 0. But this is the uncertainty of what was sent, knowing both the received signal and the correction
signal. If this is greater than zero the frequency of errors cannot be arbitrarily small.

Example:

Suppose the errors occur at random in a sequence of binary digits: probabilityp that a digit is wrong
andq = 1� p that it is right. These errors can be corrected if their position is known. Thus the
correction channel need only send information as to these positions. This amounts to transmitting
from a source which produces binary digits with probabilityp for 1 (incorrect) andq for 0 (correct).
This requires a channel of capacity

�[plogp+qlogq]

which is the equivocation of the original system.

The rate of transmissionR can be written in two other forms due to the identities noted above. We have

R= H(x)�Hy(x)

= H(y)�Hx(y)

= H(x)+H(y)�H(x;y):
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The first defining expression has already been interpreted as the amount of information sent less the uncer-
tainty of what was sent. The second measures the amount received less the part of this which is due to noise.
The third is the sum of the two amounts less the joint entropy and therefore in a sense is the number of bits
per second common to the two. Thus all three expressions have a certain intuitive significance.

The capacityC of a noisy channel should be the maximum possible rate of transmission, i.e., the rate
when the source is properly matched to the channel. We therefore define the channel capacity by

C= Max
�
H(x)�Hy(x)

�
where the maximum is with respect to all possible information sources used as input to the channel. If the
channel is noiseless,Hy(x) = 0. The definition is then equivalent to that already given for a noiseless channel
since the maximum entropy for the channel is its capacity.

13. THE FUNDAMENTAL THEOREM FOR ADISCRETECHANNEL WITH NOISE

It may seem surprising that we should define a definite capacityC for a noisy channel since we can never
send certain information in such a case. It is clear, however, that by sending the information in a redundant
form the probability of errors can be reduced. For example, by repeating the message many times and by a
statistical study of the different received versions of the message the probability of errors could be made very
small. One would expect, however, that to make this probability of errors approach zero, the redundancy
of the encoding must increase indefinitely, and the rate of transmission therefore approach zero. This is by
no means true. If it were, there would not be a very well defined capacity, but only a capacity for a given
frequency of errors, or a given equivocation; the capacity going down as the error requirements are made
more stringent. Actually the capacityC defined above has a very definite significance. It is possible to send
information at the rateC through the channelwith as small a frequency of errors or equivocation as desired
by proper encoding. This statement is not true for any rate greater thanC. If an attempt is made to transmit
at a higher rate thanC, sayC+R1, then there will necessarily be an equivocation equal to or greater than the
excessR1. Nature takes payment by requiring just that much uncertainty, so that we are not actually getting
any more thanC through correctly.

The situation is indicated in Fig. 9. The rate of information into the channel is plotted horizontally and
the equivocation vertically. Any point above the heavy line in the shaded region can be attained and those
below cannot. The points on the line cannot in general be attained, but there will usually be two points on
the line that can.

These results are the main justification for the definition ofC and will now be proved.

Theorem 11:Let a discrete channel have the capacityC and a discrete source the entropy per secondH.
If H �C there exists a coding system such that the output of the source can be transmitted over the channel
with an arbitrarily small frequency of errors (or an arbitrarily small equivocation). IfH >C it is possible
to encode the source so that the equivocation is less thanH�C+ � where� is arbitrarily small. There is no
method of encoding which gives an equivocation less thanH�C.

The method of proving the first part of this theorem is not by exhibiting a coding method having the
desired properties, but by showing that such a code must exist in a certain group of codes. In fact we will

ATTAINABLE
REGION

C H(x)

Hy(x)

SLO
PE=

1.0

Fig. 9—The equivocation possible for a given input entropy to a channel.
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average the frequency of errors over this group and show that this average can be made less than�. If the
average of a set of numbers is less than� there must exist at least one in the set which is less than�. This
will establish the desired result.

The capacityC of a noisy channel has been defined as

C= Max
�
H(x)�Hy(x)

�
wherex is the input andy the output. The maximization is over all sources which might be used as input to
the channel.

Let S0 be a source which achieves the maximum capacityC. If this maximum is not actually achieved
by any source letS0 be a source which approximates to giving the maximum rate. SupposeS0 is used as
input to the channel. We consider the possible transmitted and received sequences of a long durationT. The
following will be true:

1. The transmitted sequences fall into two classes, a high probability group with about 2TH(x) members
and the remaining sequences of small total probability.

2. Similarly the received sequences have a high probability set of about 2TH(y) members and a low
probability set of remaining sequences.

3. Each high probability output could be produced by about 2THy(x) inputs. The probability of all other
cases has a small total probability.

All the �’s and�’s implied by the words “small” and “about” in these statements approach zero as we
allow T to increase andS0 to approach the maximizing source.

The situation is summarized in Fig. 10 where the input sequences are points on the left and output
sequences points on the right. The fan of cross lines represents the range of possible causes for a typical
output.

M

E

2H(x)T

HIGH PROBABILITY
MESSAGES

2H(y)T

HIGH PROBABILITY
RECEIVED SIGNALS

2Hy(x)T

REASONABLE CAUSES
FOR EACHE

2Hx(y)T

REASONABLE EFFECTS
FOR EACHM

Fig. 10—Schematic representation of the relations between inputs and outputs in a channel.

Now suppose we have another source producing information at rateR with R<C. In the periodT this
source will have 2TR high probability messages. We wish to associate these with a selection of the possible
channel inputs in such a way as to get a small frequency of errors. We will set up this association in all
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possible ways (using, however, only the high probability group of inputs as determined by the sourceS0)
and average the frequency of errors for this large class of possible coding systems. This is the same as
calculating the frequency of errors for a random association of the messages and channel inputs of duration
T. Suppose a particular outputy1 is observed. What is the probability of more than one message in the set
of possible causes ofy1? There are 2TR messages distributed at random in 2TH(x) points. The probability of
a particular point being a message is thus

2T(R�H(x)):

The probability that none of the points in the fan is a message (apart from the actual originating message) is

P=
�
1�2T(R�H(x))�2THy(x)

:

Now R< H(x)�Hy(x) soR�H(x) =�Hy(x)�� with � positive. Consequently

P=
�
1�2�THy(x)�T��2THy(x)

approaches (asT ! ∞)
1�2�T� :

Hence the probability of an error approaches zero and the first part of the theorem is proved.
The second part of the theorem is easily shown by noting that we could merely sendC bits per second

from the source, completely neglecting the remainder of the information generated. At the receiver the
neglected part gives an equivocationH(x)�C and the part transmitted need only add�. This limit can also
be attained in many other ways, as will be shown when we consider the continuous case.

The last statement of the theorem is a simple consequence of our definition ofC. Suppose we can encode
a source withH(x) =C+a in such a way as to obtain an equivocationHy(x) = a� � with � positive. Then
R= H(x) =C+a and

H(x)�Hy(x) =C+ �

with � positive. This contradicts the definition ofC as the maximum ofH(x)�Hy(x).
Actually more has been proved than was stated in the theorem. If the average of a set of numbers is

within � of of their maximum, a fraction of at most
p
� can be more than

p
� below the maximum. Since� is

arbitrarily small we can say that almost all the systems are arbitrarily close to the ideal.

14. DISCUSSION

The demonstration of Theorem 11, while not a pure existence proof, has some of the deficiencies of such
proofs. An attempt to obtain a good approximation to ideal coding by following the method of the proof is
generally impractical. In fact, apart from some rather trivial cases and certain limiting situations, no explicit
description of a series of approximation to the ideal has been found. Probably this is no accident but is
related to the difficulty of giving an explicit construction for a good approximation to a random sequence.

An approximation to the ideal would have the property that if the signal is altered in a reasonable way
by the noise, the original can still be recovered. In other words the alteration will not in general bring it
closer to another reasonable signal than the original. This is accomplished at the cost of a certain amount of
redundancy in the coding. The redundancy must be introduced in the proper way to combat the particular
noise structure involved. However, any redundancy in the source will usually help if it is utilized at the
receiving point. In particular, if the source already has a certain redundancy and no attempt is made to
eliminate it in matching to the channel, this redundancy will help combat noise. For example, in a noiseless
telegraph channel one could save about 50% in time by proper encoding of the messages. This is not done
and most of the redundancy of English remains in the channel symbols. This has the advantage, however,
of allowing considerable noise in the channel. A sizable fraction of the letters can be received incorrectly
and still reconstructed by the context. In fact this is probably not a bad approximation to the ideal in many
cases, since the statistical structure of English is rather involved and the reasonable English sequences are
not too far (in the sense required for the theorem) from a random selection.
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As in the noiseless case a delay is generally required to approach the ideal encoding. It now has the
additional function of allowing a large sample of noise to affect the signal before any judgment is made
at the receiving point as to the original message. Increasing the sample size always sharpens the possible
statistical assertions.

The content of Theorem 11 and its proof can be formulated in a somewhat different way which exhibits
the connection with the noiseless case more clearly. Consider the possible signals of durationT and suppose
a subset of them is selected to be used. Let those in the subset all be used with equal probability, and suppose
the receiver is constructed to select, as the original signal, the most probable cause from the subset, when a
perturbed signal is received. We defineN(T;q) to be the maximum number of signals we can choose for the
subset such that the probability of an incorrect interpretation is less than or equal toq.

Theorem 12:Lim
T!∞

logN(T;q)
T

=C, whereC is the channel capacity, provided thatq does not equal 0 or

1.

In other words, no matter how we set out limits of reliability, we can distinguish reliably in timeT
enough messages to correspond to aboutCT bits, whenT is sufficiently large. Theorem 12 can be compared
with the definition of the capacity of a noiseless channel given in Section 1.

15. EXAMPLE OF A DISCRETECHANNEL AND ITS CAPACITY

A simple example of a discrete channel is indicated in Fig. 11. There are three possible symbols. The first is
never affected by noise. The second and third each have probabilityp of coming through undisturbed, and
q of being changed into the other of the pair. We have (letting� =�[plogp+qlogq] andP andQ be the

p

p

q

q

TRANSMITTED
SYMBOLS

RECEIVED
SYMBOLS

Fig. 11—Example of a discrete channel.

probabilities of using the first and second symbols)

H(x) =�PlogP�2QlogQ

Hy(x) = 2Q�:

We wish to chooseP andQ in such a way as to maximizeH(x)�Hy(x), subject to the constraintP+2Q= 1.
Hence we consider

U =�PlogP�2QlogQ�2Q�+�(P+2Q)

∂U
∂P

=�1� logP+�= 0

∂U
∂Q

=�2�2logQ�2�+2�= 0:

Eliminating�

logP= logQ+�

P= Qe� = Q�

25



P=
�

�+2
Q=

1
�+2

:

The channel capacity is then

C = log
�+2
�

:

Note how this checks the obvious values in the casesp= 1 andp= 1
2. In the first,� = 1 andC= log3,

which is correct since the channel is then noiseless with three possible symbols. Ifp = 1
2, � = 2 and

C = log2. Here the second and third symbols cannot be distinguished at all and act together like one
symbol. The first symbol is used with probabilityP= 1

2 and the second and third together with probability
1
2. This may be distributed between them in any desired way and still achieve the maximum capacity.

For intermediate values ofp the channel capacity will lie between log2 and log3. The distinction
between the second and third symbols conveys some information but not as much as in the noiseless case.
The first symbol is used somewhat more frequently than the other two because of its freedom from noise.

16. THE CHANNEL CAPACITY IN CERTAIN SPECIAL CASES

If the noise affects successive channel symbols independently it can be described by a set of transition
probabilitiespi j . This is the probability, if symboli is sent, thatj will be received. The maximum channel
rate is then given by the maximum of

�∑
i; j

Pi pi j log∑
i

Pi pi j +∑
i; j

Pi pi j logpi j

where we vary thePi subject to∑Pi = 1. This leads by the method of Lagrange to the equations,

∑
j

ps j log
ps j

∑i Pi pi j
= � s= 1;2; : : : :

Multiplying by Ps and summing ons shows that� = C. Let the inverse ofps j (if it exists) behst so that
∑shstps j = �t j . Then:

∑
s; j

hstps j logps j� log∑
i

Pi pit =C∑
s

hst:

Hence:

∑
i

Pi pit = exp
h
�C∑

s
hst+∑

s; j

hstps j logps j

i
or,

Pi = ∑
t

hit exp
h
�C∑

s
hst+∑

s; j
hstps j logps j

i
:

This is the system of equations for determining the maximizing values ofPi , with C to be determined so
that∑Pi = 1. When this is doneC will be the channel capacity, and thePi the proper probabilities for the
channel symbols to achieve this capacity.

If each input symbol has the same set of probabilities on the lines emerging from it, and the same is true
of each output symbol, the capacity can be easily calculated. Examples are shown in Fig. 12. In such a case
Hx(y) is independent of the distribution of probabilities on the input symbols, and is given by�∑ pi logpi

where thepi are the values of the transition probabilities from any input symbol. The channel capacity is

Max
�
H(y)�Hx(y)

�
= MaxH(y)+∑ pi logpi :

The maximum ofH(y) is clearly logmwherem is the number of output symbols, since it is possible to make
them all equally probable by making the input symbols equally probable. The channel capacity is therefore

C = logm+∑ pi logpi :
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1/3
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1/6
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1/6

1/6

1/6

1/3

1/3

1/3

1/2

1/2

1/2

Fig. 12—Examples of discrete channels with the same transition probabilities for each input and for each output.

In Fig. 12a it would be
C = log4� log2= log2:

This could be achieved by using only the 1st and 3d symbols. In Fig. 12b

C= log4� 2
3 log3� 1

3 log6

= log4� log3� 1
3 log2

= log 1
32

5
3 :

In Fig. 12c we have

C= log3� 1
2 log2� 1

3 log3� 1
6 log6

= log
3

2
1
2 3

1
3 6

1
6

:

Suppose the symbols fall into several groups such that the noise never causes a symbol in one group to
be mistaken for a symbol in another group. Let the capacity for thenth group beCn (in bits per second)
when we use only the symbols in this group. Then it is easily shown that, for best use of the entire set, the
total probabilityPn of all symbols in thenth group should be

Pn =
2Cn

∑2Cn
:

Within a group the probability is distributed just as it would be if these were the only symbols being used.
The channel capacity is

C= log∑2Cn:

17. AN EXAMPLE OF EFFICIENT CODING

The following example, although somewhat unrealistic, is a case in which exact matching to a noisy channel
is possible. There are two channel symbols, 0 and 1, and the noise affects them in blocks of seven symbols.
A block of seven is either transmitted without error, or exactly one symbol of the seven is incorrect. These
eight possibilities are equally likely. We have

C = Max
�
H(y)�Hx(y)

�
= 1

7

�
7+ 8

8 log 1
8

�
= 4

7 bits/symbol:

An efficient code, allowing complete correction of errors and transmitting at the rateC, is the following
(found by a method due to R. Hamming):
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Let a block of seven symbols beX1;X2; : : : ;X7. Of theseX3, X5, X6 andX7 are message symbols and
chosen arbitrarily by the source. The other three are redundant and calculated as follows:

X4 is chosen to make�= X4+X5+X6+X7 even
X2 “ “ “ “ � = X2+X3+X6+X7 “
X1 “ “ “ “  = X1+X3+X5+X7 “

When a block of seven is received�;� and are calculated and if even called zero, if odd called one. The
binary number��  then gives the subscript of theXi that is incorrect (if 0 there was no error).

APPENDIX 1

THE GROWTH OF THENUMBER OF BLOCKS OFSYMBOLS WITH A FINITE STATE CONDITION

Let Ni(L) be the number of blocks of symbols of lengthL ending in statei. Then we have

Nj(L) = ∑
i;s

Ni
�
L�b(s)i j

�

whereb1
i j ;b

2
i j ; : : : ;b

m
i j are the length of the symbols which may be chosen in statei and lead to statej. These

are linear difference equations and the behavior asL! ∞ must be of the type

Nj = AjW
L:

Substituting in the difference equation

AjW
L = ∑

i;s
AiW

L�b
(s)
i j

or

Aj = ∑
i;s

AiW
�b

(s)
i j

∑
i

�
∑
s

W�b
(s)
i j � �i j

�
Ai = 0:

For this to be possible the determinant

D(W) = jai j j=
���∑

s
W�b

(s)
i j � �i j

���
must vanish and this determinesW, which is, of course, the largest real root ofD = 0.

The quantityC is then given by

C = Lim
L!∞

log∑AjWL

L
= logW

and we also note that the same growth properties result if we require that all blocks start in the same (arbi-
trarily chosen) state.

APPENDIX 2

DERIVATION OF H =�∑ pi logpi

Let H
�1

n
;
1
n
; : : : ;

1
n

�
= A(n). From condition (3) we can decompose a choice fromsm equally likely possi-

bilities into a series ofm choices fromsequally likely possibilities and obtain

A(sm) = mA(s):
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Similarly
A(tn) = nA(t):

We can choosen arbitrarily large and find anm to satisfy

sm� tn < s(m+1):

Thus, taking logarithms and dividing bynlogs,

m
n
� log t

log s
� m

n
+

1
n

or
���m

n
� log t

log s

���< �

where� is arbitrarily small. Now from the monotonic property ofA(n),

A(sm)� A(tn)� A(sm+1)

mA(s)� nA(t)� (m+1)A(s):

Hence, dividing bynA(s),
m
n
� A(t)

A(s)
� m

n
+

1
n

or
���m

n
� A(t)

A(s)

���< �

���A(t)
A(s)

� logt
logs

���< 2� A(t) = K logt

whereK must be positive to satisfy (2).

Now suppose we have a choice fromn possibilities with commeasurable probabilitiespi =
ni

∑ni
where

the ni are integers. We can break down a choice from∑ni possibilities into a choice fromn possibilities
with probabilitiesp1; : : : ; pn and then, if theith was chosen, a choice fromni with equal probabilities. Using
condition (3) again, we equate the total choice from∑ni as computed by two methods

K log∑ni = H(p1; : : : ; pn)+K∑ pi logni :

Hence

H = K
h
∑ pi log∑ni�∑ pi logni

i
=�K∑ pi log

ni

∑ni
=�K∑ pi logpi :

If the pi are incommeasurable, they may be approximated by rationals and the same expression must hold
by our continuity assumption. Thus the expression holds in general. The choice of coefficientK is a matter
of convenience and amounts to the choice of a unit of measure.

APPENDIX 3

THEOREMS ONERGODIC SOURCES

If it is possible to go from any state withP> 0 to any other along a path of probabilityp> 0, the system is
ergodic and the strong law of large numbers can be applied. Thus the number of times a given pathpi j in
the network is traversed in a long sequence of lengthN is about proportional to the probability of being at
i, sayPi , and then choosing this path,Pi pi j N. If N is large enough the probability of percentage error�� in
this is less than� so that for all but a set of small probability the actual numbers lie within the limits

(Pi pi j � �)N:

Hence nearly all sequences have a probabilityp given by

p= ∏ p
(Pi pi j��)N
i j
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and
logp

N
is limited by

logp
N

= ∑(Pi pi j � �) logpi j

or ��� logp
N

�∑Pi pi j logpi j

���< �:

This proves Theorem 3.
Theorem 4 follows immediately from this on calculating upper and lower bounds forn(q) based on the

possible range of values ofp in Theorem 3.
In the mixed (not ergodic) case if

L = ∑ piLi

and the entropies of the components areH1�H2 � �� � �Hn we have the

Theorem: Lim
N!∞

logn(q)
N = '(q) is a decreasing step function,

'(q) = Hs in the interval
s�1

∑
1
�i < q<

s

∑
1
�i :

To prove Theorems 5 and 6 first note thatFN is monotonic decreasing because increasingN adds a
subscript to a conditional entropy. A simple substitution forpBi (Sj) in the definition ofFN shows that

FN = NGN� (N�1)GN�1

and summing this for allN givesGN =
1
N ∑Fn. HenceGN � FN andGN monotonic decreasing. Also they

must approach the same limit. By using Theorem 3 we see that Lim
N!∞

GN = H.

APPENDIX 4

MAXIMIZING THE RATE FOR A SYSTEM OF CONSTRAINTS

Suppose we have a set of constraints on sequences of symbols that is of the finite state type and can be

represented therefore by a linear graph. Let`
(s)
i j be the lengths of the various symbols that can occur in

passing from statei to state j. What distribution of probabilitiesPi for the different states andp(s)i j for
choosing symbols in statei and going to statej maximizes the rate of generating information under these
constraints? The constraints define a discrete channel and the maximum rate must be less than or equal to
the capacityC of this channel, since if all blocks of large length were equally likely, this rate would result,
and if possible this would be best. We will show that this rate can be achieved by proper choice of thePi and

p(s)i j .
The rate in question is

�∑Pi p
(s)
i j logp(s)i j

∑Pi p
(s)
i j `

(s)
i j

=
N
M
:

Let `i j = ∑s`
(s)
i j . Evidently for a maximump(s)i j = kexp`(s)i j . The constraints on maximization are∑Pi =

1, ∑ j pi j = 1, ∑Pi(pi j � �i j ) = 0. Hence we maximize

U =
�∑Pi pi j logpi j

∑Pi pi j `i j
+�∑

i
Pi +∑�i pi j +∑� jPi(pi j � �i j )

∂U
∂pi j

=�MPi(1+ logpi j )+NPi`i j

M2 +�+�i +�iPi = 0:
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Solving for pi j

pi j = AiBjD
�`i j :

Since

∑
j

pi j = 1; A�1
i = ∑

j
BjD

�`i j

pi j =
BjD�`i j

∑sBsD�`is
:

The correct value ofD is the capacityC and theBj are solutions of

Bi =∑BjC
�`i j

for then

pi j =
Bj

Bi
C�`i j

∑Pi
Bj

Bi
C�`i j = Pj

or

∑ Pi

Bi
C�`i j =

Pj

Bj
:

So that if�i satisfy

∑iC
�`i j =  j

Pi = Bii :

Both the sets of equations forBi andi can be satisfied sinceC is such that

jC�`i j � �i j j= 0:

In this case the rate is

�∑Pi pi j log
Bj
Bi

C�`i j

∑Pi pi j `i j
=C� ∑Pi pi j log

Bj
Bi

∑Pi pi j `i j

but

∑Pi pi j (logBj � logBi) = ∑
j

Pj logBj �∑Pi logBi = 0

Hence the rate isC and as this could never be exceeded this is the maximum, justifying the assumed solution.
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PART III: MATHEMATICAL PRELIMINARIES

In this final installment of the paper we consider the case where the signals or the messages or both are
continuously variable, in contrast with the discrete nature assumed heretofore. To a considerable extent the
continuous case can be obtained through a limiting process from the discrete case by dividing the continuum
of messages and signals into a large but finite number of small regions and calculating the various parameters
involved on a discrete basis. As the size of the regions is decreased these parameters in general approach as
limits the proper values for the continuous case. There are, however, a few new effects that appear and also
a general change of emphasis in the direction of specialization of the general results to particular cases.

We will not attempt, in the continuous case, to obtain our results with the greatest generality, or with
the extreme rigor of pure mathematics, since this would involve a great deal of abstract measure theory
and would obscure the main thread of the analysis. A preliminary study, however, indicates that the theory
can be formulated in a completely axiomatic and rigorous manner which includes both the continuous and
discrete cases and many others. The occasional liberties taken with limiting processes in the present analysis
can be justified in all cases of practical interest.

18. SETS AND ENSEMBLES OFFUNCTIONS

We shall have to deal in the continuous case with sets of functions and ensembles of functions. A set of
functions, as the name implies, is merely a class or collection of functions, generally of one variable, time.
It can be specified by giving an explicit representation of the various functions in the set, or implicitly by
giving a property which functions in the set possess and others do not. Some examples are:

1. The set of functions:
f�(t) = sin(t + �):

Each particular value of� determines a particular function in the set.

2. The set of all functions of time containing no frequencies overW cycles per second.

3. The set of all functions limited in band toW and in amplitude toA.

4. The set of all English speech signals as functions of time.

An ensembleof functions is a set of functions together with a probability measure whereby we may
determine the probability of a function in the set having certain properties.1 For example with the set,

f�(t) = sin(t + �);

we may give a probability distribution for�, P(�). The set then becomes an ensemble.
Some further examples of ensembles of functions are:

1. A finite set of functionsfk(t) (k= 1;2; : : : ;n) with the probability offk beingpk.

2. A finite dimensional family of functions

f (�1;�2; : : : ;�n;t)

with a probability distribution on the parameters�i :

p(�1; : : : ;�n):

For example we could consider the ensemble defined by

f (a1; : : : ;an;�1; : : : ;�n;t) =
n

∑
i=1

ai sini(!t + �i)

with the amplitudesai distributed normally and independently, and the phases�i distributed uniformly
(from 0 to 2�) and independently.

1In mathematical terminology the functions belong to a measure space whose total measure is unity.
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3. The ensemble

f (ai ; t) =
+∞

∑
n=�∞

an
sin�(2Wt�n)
�(2Wt�n)

with theai normal and independent all with the same standard deviation
p

N. This is a representation
of “white” noise, band limited to the band from 0 toW cycles per second and with average powerN.2

4. Let points be distributed on thet axis according to a Poisson distribution. At each selected point the
function f (t) is placed and the different functions added, giving the ensemble

∞

∑
k=�∞

f (t + tk)

where thetk are the points of the Poisson distribution. This ensemble can be considered as a type of
impulse or shot noise where all the impulses are identical.

5. The set of English speech functions with the probability measure given by the frequency of occurrence
in ordinary use.

An ensemble of functionsf�(t) is stationaryif the same ensemble results when all functions are shifted
any fixed amount in time. The ensemble

f�(t) = sin(t + �)

is stationary if� is distributed uniformly from 0 to 2�. If we shift each function byt1 we obtain

f�(t + t1) = sin(t + t1+ �)

= sin(t +')

with ' distributed uniformly from 0 to 2�. Each function has changed but the ensemble as a whole is
invariant under the translation. The other examples given above are also stationary.

An ensemble isergodic if it is stationary, and there is no subset of the functions in the set with a
probability different from 0 and 1 which is stationary. The ensemble

sin(t + �)

is ergodic. No subset of these functions of probability6= 0;1 is transformed into itself under all time trans-
lations. On the other hand the ensemble

asin(t + �)

with a distributed normally and� uniform is stationary but not ergodic. The subset of these functions with
a between 0 and 1 for example is stationary.

Of the examples given, 3 and 4 are ergodic, and 5 may perhaps be considered so. If an ensemble is
ergodic we may say roughly that each function in the set is typical of the ensemble. More precisely it is
known that with an ergodic ensemble an average of any statistic over the ensemble is equal (with probability
1) to an average over the time translations of a particular function of the set.3 Roughly speaking, each
function can be expected, as time progresses, to go through, with the proper frequency, all the convolutions
of any of the functions in the set.

2This representation can be used as a definition of band limited white noise. It has certain advantages in that it involves fewer
limiting operations than do definitions that have been used in the past. The name “white noise,” already firmly entrenched in the
literature, is perhaps somewhat unfortunate. In optics white light means either any continuous spectrum as contrasted with a point
spectrum, or a spectrum which is flat withwavelength(which is not the same as a spectrum flat with frequency).

3This is the famous ergodic theorem or rather one aspect of this theorem which was proved in somewhat different formulations
by Birkoff, von Neumann, and Koopman, and subsequently generalized by Wiener, Hopf, Hurewicz and others. The literature on
ergodic theory is quite extensive and the reader is referred to the papers of these writers for precise and general formulations; e.g.,
E. Hopf, “Ergodentheorie,”Ergebnisse der Mathematik und ihrer Grenzgebiete,v. 5; “On Causality Statistics and Probability,”Journal
of Mathematics and Physics,v. XIII, No. 1, 1934; N. Wiener, “The Ergodic Theorem,”Duke Mathematical Journal,v. 5, 1939.
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Just as we may perform various operations on numbers or functions to obtain new numbers or functions,
we can perform operations on ensembles to obtain new ensembles. Suppose, for example, we have an
ensemble of functionsf�(t) and an operatorT which gives for each functionf�(t) a resulting function
g�(t):

g�(t) = T f�(t):

Probability measure is defined for the setg�(t) by means of that for the setf�(t). The probability of a certain
subset of theg�(t) functions is equal to that of the subset of thef�(t) functions which produce members of
the given subset ofg functions under the operationT. Physically this corresponds to passing the ensemble
through some device, for example, a filter, a rectifier or a modulator. The output functions of the device
form the ensembleg�(t).

A device or operatorT will be called invariant if shifting the input merely shifts the output, i.e., if

g�(t) = T f�(t)

implies
g�(t + t1) = T f�(t + t1)

for all f�(t) and allt1. It is easily shown (see Appendix 5 that ifT is invariant and the input ensemble is
stationary then the output ensemble is stationary. Likewise if the input is ergodic the output will also be
ergodic.

A filter or a rectifier is invariant under all time translations. The operation of modulation is not since the
carrier phase gives a certain time structure. However, modulation is invariant under all translations which
are multiples of the period of the carrier.

Wiener has pointed out the intimate relation between the invariance of physical devices under time
translations and Fourier theory.4 He has shown, in fact, that if a device is linear as well as invariant Fourier
analysis is then the appropriate mathematical tool for dealing with the problem.

An ensemble of functions is the appropriate mathematical representation of the messages produced by
a continuous source (for example, speech), of the signals produced by a transmitter, and of the perturbing
noise. Communication theory is properly concerned, as has been emphasized by Wiener, not with operations
on particular functions, but with operations on ensembles of functions. A communication system is designed
not for a particular speech function and still less for a sine wave, but for the ensemble of speech functions.

19. BAND LIMITED ENSEMBLES OFFUNCTIONS

If a function of time f (t) is limited to the band from 0 toW cycles per second it is completely determined
by giving its ordinates at a series of discrete points spaced1

2W seconds apart in the manner indicated by the
following result.5

Theorem 13:Let f (t) contain no frequencies overW. Then

f (t) =
∞

∑
�∞

Xn
sin�(2Wt�n)
�(2Wt�n)

where
Xn = f

� n
2W

�
:

4Communication theory is heavily indebted to Wiener for much of its basic philosophy and theory. His classic NDRC report,
The Interpolation, Extrapolation and Smoothing of Stationary Time Series(Wiley, 1949), contains the first clear-cut formulation of
communication theory as a statistical problem, the study of operations on time series. This work, although chiefly concerned with the
linear prediction and filtering problem, is an important collateral reference in connection with the present paper. We may also refer
here to Wiener’sCybernetics(Wiley, 1948), dealing with the general problems of communication and control.

5For a proof of this theorem and further discussion see the author’s paper “Communication in the Presence of Noise” published in
theProceedings of the Institute of Radio Engineers,v. 37, No. 1, Jan., 1949, pp. 10–21.
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In this expansionf (t) is represented as a sum of orthogonal functions. The coefficientsXn of the various
terms can be considered as coordinates in an infinite dimensional “function space.” In this space each
function corresponds to precisely one point and each point to one function.

A function can be considered to be substantially limited to a timeT if all the ordinatesXn outside this
interval of time are zero. In this case all but 2TW of the coordinates will be zero. Thus functions limited to
a bandW and durationT correspond to points in a space of 2TW dimensions.

A subset of the functions of bandW and durationT corresponds to a region in this space. For example,
the functions whose total energy is less than or equal toE correspond to points in a 2TW dimensional sphere
with radiusr =

p
2WE.

An ensembleof functions of limited duration and band will be represented by a probability distribution
p(x1; : : : ;xn) in the correspondingn dimensional space. If the ensemble is not limited in time we can consider
the 2TW coordinates in a given intervalT to represent substantially the part of the function in the intervalT
and the probability distributionp(x1; : : : ;xn) to give the statistical structure of the ensemble for intervals of
that duration.

20. ENTROPY OF ACONTINUOUS DISTRIBUTION

The entropy of a discrete set of probabilitiesp1; : : : ; pn has been defined as:

H =�∑ pi logpi :

In an analogous manner we define the entropy of a continuous distribution with the density distribution
functionp(x) by:

H =�
Z ∞

�∞
p(x) logp(x)dx:

With ann dimensional distributionp(x1; : : : ;xn) we have

H =�
Z
� � �

Z
p(x1; : : : ;xn) logp(x1; : : : ;xn)dx1 � � �dxn:

If we have two argumentsx andy (which may themselves be multidimensional) the joint and conditional
entropies ofp(x;y) are given by

H(x;y) =�
ZZ

p(x;y) logp(x;y)dxdy

and

Hx(y) =�
ZZ

p(x;y) log
p(x;y)
p(x)

dxdy

Hy(x) =�
ZZ

p(x;y) log
p(x;y)
p(y)

dxdy

where

p(x) =
Z

p(x;y)dy

p(y) =
Z

p(x;y)dx:

The entropies of continuous distributions have most (but not all) of the properties of the discrete case.
In particular we have the following:

1. If x is limited to a certain volumev in its space, thenH(x) is a maximum and equal to logv whenp(x)
is constant (1=v) in the volume.
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2. With any two variablesx, y we have

H(x;y)�H(x)+H(y)

with equality if (and only if)x andy are independent, i.e.,p(x;y) = p(x)p(y) (apart possibly from a
set of points of probability zero).

3. Consider a generalized averaging operation of the following type:

p0(y) =
Z

a(x;y)p(x)dx

with Z
a(x;y)dx=

Z
a(x;y)dy= 1; a(x;y)� 0:

Then the entropy of the averaged distributionp0(y) is equal to or greater than that of the original
distributionp(x).

4. We have

H(x;y) = H(x)+Hx(y) = H(y)+Hy(x)

and

Hx(y)�H(y):

5. Letp(x) be a one-dimensional distribution. The form ofp(x) giving a maximum entropy subject to the
condition that the standard deviation ofx be fixed at� is Gaussian. To show this we must maximize

H(x) =�
Z

p(x) logp(x)dx

with
�2 =

Z
p(x)x2 dx and 1=

Z
p(x)dx

as constraints. This requires, by the calculus of variations, maximizing
Z ��p(x) logp(x)+�p(x)x2+�p(x)

�
dx:

The condition for this is
�1� logp(x)+�x2+�= 0

and consequently (adjusting the constants to satisfy the constraints)

p(x) =
1p
2��

e�(x
2=2�2):

Similarly in n dimensions, suppose the second order moments ofp(x1; : : : ;xn) are fixed atAi j :

Ai j =

Z
� � �

Z
xixj p(x1; : : : ;xn)dx1 � � � dxn:

Then the maximum entropy occurs (by a similar calculation) whenp(x1; : : : ;xn) is then dimensional
Gaussian distribution with the second order momentsAi j .
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6. The entropy of a one-dimensional Gaussian distribution whose standard deviation is� is given by

H(x) = log
p

2�e�:

This is calculated as follows:

p(x) =
1p
2��

e�(x
2=2�2)

� logp(x) = log
p

2��+
x2

2�2

H(x) =�
Z

p(x) logp(x)dx

=
Z

p(x) log
p

2��dx+
Z

p(x)
x2

2�2 dx

= log
p

2��+
�2

2�2

= log
p

2��+ log
p

e

= log
p

2�e�:

Similarly then dimensional Gaussian distribution with associated quadratic formai j is given by

p(x1; : : : ;xn) =
jai j j 1

2

(2�)n=2
exp

�
�1

2 ∑ai j xixj

�

and the entropy can be calculated as

H = log(2�e)n=2jai j j� 1
2

wherejai j j is the determinant whose elements areai j .

7. If x is limited to a half line (p(x) = 0 for x� 0) and the first moment ofx is fixed ata:

a=
Z ∞

0
p(x)xdx;

then the maximum entropy occurs when

p(x) =
1
a

e�(x=a)

and is equal to logea.

8. There is one important difference between the continuous and discrete entropies. In the discrete case
the entropy measures in anabsoluteway the randomness of the chance variable. In the continuous
case the measurement isrelative to the coordinate system. If we change coordinates the entropy will
in general change. In fact if we change to coordinatesy1 � � �yn the new entropy is given by

H(y) =
Z
� � �

Z
p(x1; : : : ;xn)J

�x
y

�
logp(x1; : : : ;xn)J

�x
y

�
dy1 � � �dyn

whereJ
�

x
y

�
is the Jacobian of the coordinate transformation. On expanding the logarithm and chang-

ing the variables tox1 � � �xn, we obtain:

H(y) = H(x)�
Z
� � �

Z
p(x1; : : : ;xn) logJ

�x
y

�
dx1 : : :dxn:
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Thus the new entropy is the old entropy less the expected logarithm of the Jacobian. In the continuous
case the entropy can be considered a measure of randomnessrelative to an assumed standard, namely
the coordinate system chosen with each small volume elementdx1 � � �dxn given equal weight. When
we change the coordinate system the entropy in the new system measures the randomness when equal
volume elementsdy1 � � �dyn in the new system are given equal weight.

In spite of this dependence on the coordinate system the entropy concept is as important in the con-
tinuous case as the discrete case. This is due to the fact that the derived concepts of information rate
and channel capacity depend on thedifferenceof two entropies and this differencedoes notdepend
on the coordinate frame, each of the two terms being changed by the same amount.

The entropy of a continuous distribution can be negative. The scale of measurements sets an arbitrary
zero corresponding to a uniform distribution over a unit volume. A distribution which is more confined
than this has less entropy and will be negative. The rates and capacities will, however, always be non-
negative.

9. A particular case of changing coordinates is the linear transformation

yj = ∑
i

ai j xi :

In this case the Jacobian is simply the determinantjai j j�1 and

H(y) = H(x)+ logjai j j:

In the case of a rotation of coordinates (or any measure preserving transformation)J = 1 andH(y) =
H(x).

21. ENTROPY OF ANENSEMBLE OFFUNCTIONS

Consider an ergodic ensemble of functions limited to a certain band of widthW cycles per second. Let

p(x1; : : : ;xn)

be the density distribution function for amplitudesx1; : : : ;xn at n successive sample points. We define the
entropy of the ensemble per degree of freedom by

H 0 =�Lim
n!∞

1
n

Z
� � �

Z
p(x1; : : : ;xn) logp(x1; : : : ;xn)dx1 : : :dxn:

We may also define an entropyH per second by dividing, not byn, but by the timeT in seconds forn
samples. Sincen= 2TW, H = 2WH0.

With white thermal noisep is Gaussian and we have

H 0 = log
p

2�eN;

H =W log2�eN:

For a given average powerN, white noise has the maximum possible entropy. This follows from the
maximizing properties of the Gaussian distribution noted above.

The entropy for a continuous stochastic process has many properties analogous to that for discrete pro-
cesses. In the discrete case the entropy was related to the logarithm of theprobability of long sequences,
and to thenumberof reasonably probable sequences of long length. In the continuous case it is related in
a similar fashion to the logarithm of theprobability densityfor a long series of samples, and thevolumeof
reasonably high probability in the function space.

More precisely, if we assumep(x1; : : : ;xn) continuous in all thexi for all n, then for sufficiently largen��� logp
n

�H 0

���< �
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for all choices of(x1; : : : ;xn) apart from a set whose total probability is less than�, with � and� arbitrarily
small. This follows form the ergodic property if we divide the space into a large number of small cells.

The relation ofH to volume can be stated as follows: Under the same assumptions consider then
dimensional space corresponding top(x1; : : : ;xn). Let Vn(q) be the smallest volume in this space which
includes in its interior a total probabilityq. Then

Lim
n!∞

logVn(q)
n

= H 0

providedq does not equal 0 or 1.
These results show that for largen there is a rather well-defined volume (at least in the logarithmic sense)

of high probability, and that within this volume the probability density is relatively uniform (again in the
logarithmic sense).

In the white noise case the distribution function is given by

p(x1; : : : ;xn) =
1

(2�N)n=2
exp� 1

2N ∑x2
i :

Since this depends only on∑x2
i the surfaces of equal probability density are spheres and the entire distri-

bution has spherical symmetry. The region of high probability is a sphere of radius
p

nN. As n! ∞ the
probability of being outside a sphere of radius

p
n(N+ �) approaches zero and1n times the logarithm of the

volume of the sphere approaches log
p

2�eN.
In the continuous case it is convenient to work not with the entropyH of an ensemble but with a derived

quantity which we will call the entropy power. This is defined as the power in a white noise limited to the
same band as the original ensemble and having the same entropy. In other words ifH 0 is the entropy of an
ensemble its entropy power is

N1 =
1

2�e
exp2H 0:

In the geometrical picture this amounts to measuring the high probability volume by the squared radius of a
sphere having the same volume. Since white noise has the maximum entropy for a given power, the entropy
power of any noise is less than or equal to its actual power.

22. ENTROPY LOSS INLINEAR FILTERS

Theorem 14:If an ensemble having an entropyH1 per degree of freedom in bandW is passed through a
filter with characteristicY( f ) the output ensemble has an entropy

H2 = H1+
1
W

Z
W

logjY( f )j2 d f:

The operation of the filter is essentially a linear transformation of coordinates. If we think of the different
frequency components as the original coordinate system, the new frequency components are merely the old
ones multiplied by factors. The coordinate transformation matrix is thus essentially diagonalized in terms
of these coordinates. The Jacobian of the transformation is (forn sine andn cosine components)

J =
n

∏
i=1
jY( fi)j2

where thefi are equally spaced through the bandW. This becomes in the limit

exp
1
W

Z
W

logjY( f )j2 d f:

SinceJ is constant its average value is the same quantity and applying the theorem on the change of entropy
with a change of coordinates, the result follows. We may also phrase it in terms of the entropy power. Thus
if the entropy power of the first ensemble isN1 that of the second is

N1exp
1
W

Z
W

logjY( f )j2 d f:
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TABLE I

ENTROPY ENTROPY
GAIN POWER POWER GAIN IMPULSE RESPONSE

FACTOR IN DECIBELS

0 1!

1

1�! 1
e2 �8:69

sin2(t=2)
t2=2

0 1!

1

1�!2 �2
e

�4
�5:33 2

�
sint
t3 � cost

t2

�

0 1!

1

1�!3
0:411 �3:87 6

�
cost�1

t4 � cost
2t2 +

sint
t3

�

0 1!

1

p
1�!2 �2

e

�2
�2:67

�

2
J1(t)

t

0 1!

1

�

1
e2� �8:69�

1
�t2

�
cos(1��)t�cost

�

The final entropy power is the initial entropy power multiplied by the geometric mean gain of the filter. If
the gain is measured indb, then the output entropy power will be increased by the arithmetic meandb gain
overW.

In Table I the entropy power loss has been calculated (and also expressed indb) for a number of ideal
gain characteristics. The impulsive responses of these filters are also given forW = 2�, with phase assumed
to be 0.

The entropy loss for many other cases can be obtained from these results. For example the entropy
power factor 1=e2 for the first case also applies to any gain characteristic obtain from 1�! by a measure
preserving transformation of the! axis. In particular a linearly increasing gainG(!) = !, or a “saw tooth”
characteristic between 0 and 1 have the same entropy loss. The reciprocal gain has the reciprocal factor.
Thus 1=! has the factore2. Raising the gain to any power raises the factor to this power.

23. ENTROPY OF ASUM OF TWO ENSEMBLES

If we have two ensembles of functionsf�(t) andg�(t) we can form a new ensemble by “addition.” Suppose
the first ensemble has the probability density functionp(x1; : : : ;xn) and the secondq(x1; : : : ;xn). Then the
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density function for the sum is given by the convolution:

r(x1; : : : ;xn) =
Z
� � �

Z
p(y1; : : : ;yn)q(x1�y1; : : : ;xn�yn)dy1 � � �dyn:

Physically this corresponds to adding the noises or signals represented by the original ensembles of func-
tions.

The following result is derived in Appendix 6.

Theorem 15:Let the average power of two ensembles beN1 andN2 and let their entropy powers beN1

andN2. Then the entropy power of the sum,N3, is bounded by

N1+N2�N3�N1+N2:

White Gaussian noise has the peculiar property that it can absorb any other noise or signal ensemble
which may be added to it with a resultant entropy power approximately equal to the sum of the white noise
power and the signal power (measured from the average signal value, which is normally zero), provided the
signal power is small, in a certain sense, compared to noise.

Consider the function space associated with these ensembles havingn dimensions. The white noise
corresponds to the spherical Gaussian distribution in this space. The signal ensemble corresponds to another
probability distribution, not necessarily Gaussian or spherical. Let the second moments of this distribution
about its center of gravity beai j . That is, if p(x1; : : : ;xn) is the density distribution function

ai j =

Z
� � �

Z
p(xi��i)(xj �� j)dx1 � � �dxn

where the�i are the coordinates of the center of gravity. Nowai j is a positive definite quadratic form, and
we can rotate our coordinate system to align it with the principal directions of this form.ai j is then reduced
to diagonal formbii . We require that eachbii be small compared toN, the squared radius of the spherical
distribution.

In this case the convolution of the noise and signal produce approximately a Gaussian distribution whose
corresponding quadratic form is

N+bii :

The entropy power of this distribution is h
∏(N+bii )

i1=n

or approximately

=
h
(N)n+∑bii (N)n�1

i1=n

:
= N+

1
n ∑bii :

The last term is the signal power, while the first is the noise power.

PART IV: THE CONTINUOUS CHANNEL

24. THE CAPACITY OF A CONTINUOUS CHANNEL

In a continuous channel the input or transmitted signals will be continuous functions of timef (t) belonging
to a certain set, and the output or received signals will be perturbed versions of these. We will consider
only the case where both transmitted and received signals are limited to a certain bandW. They can then
be specified, for a timeT, by 2TW numbers, and their statistical structure by finite dimensional distribution
functions. Thus the statistics of the transmitted signal will be determined by

P(x1; : : : ;xn) = P(x)
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and those of the noise by the conditional probability distribution

Px1;:::;xn(y1; : : : ;yn) = Px(y):

The rate of transmission of information for a continuous channel is defined in a way analogous to that
for a discrete channel, namely

R= H(x)�Hy(x)

whereH(x) is the entropy of the input andHy(x) the equivocation. The channel capacityC is defined as the
maximum ofRwhen we vary the input over all possible ensembles. This means that in a finite dimensional
approximation we must varyP(x) = P(x1; : : : ;xn) and maximize

�
Z

P(x) logP(x)dx+
ZZ

P(x;y) log
P(x;y)
P(y)

dxdy:

This can be written ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy

using the fact that
ZZ

P(x;y) logP(x)dxdy=
Z

P(x) logP(x)dx. The channel capacity is thus expressed as

follows:

C = Lim
T!∞

Max
P(x)

1
T

ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy:

It is obvious in this form thatR andC are independent of the coordinate system since the numerator

and denominator in log
P(x;y)

P(x)P(y)
will be multiplied by the same factors whenx andy are transformed in

any one-to-one way. This integral expression forC is more general thanH(x)�Hy(x). Properly interpreted
(see Appendix 7) it will always exist whileH(x)�Hy(x) may assume an indeterminate form∞�∞ in some
cases. This occurs, for example, ifx is limited to a surface of fewer dimensions thann in its n dimensional
approximation.

If the logarithmic base used in computingH(x) andHy(x) is two thenC is the maximum number of
binary digits that can be sent per second over the channel with arbitrarily small equivocation, just as in
the discrete case. This can be seen physically by dividing the space of signals into a large number of
small cells, sufficiently small so that the probability densityPx(y) of signalx being perturbed to pointy is
substantially constant over a cell (either ofx or y). If the cells are considered as distinct points the situation is
essentially the same as a discrete channel and the proofs used there will apply. But it is clear physically that
this quantizing of the volume into individual points cannot in any practical situation alter the final answer
significantly, provided the regions are sufficiently small. Thus the capacity will be the limit of the capacities
for the discrete subdivisions and this is just the continuous capacity defined above.

On the mathematical side it can be shown first (see Appendix 7) that ifu is the message,x is the signal,
y is the received signal (perturbed by noise) andv is the recovered message then

H(x)�Hy(x)�H(u)�Hv(u)

regardless of what operations are performed onu to obtainx or ony to obtainv. Thus no matter how we
encode the binary digits to obtain the signal, or how we decode the received signal to recover the message,
the discrete rate for the binary digits does not exceed the channel capacity we have defined. On the other
hand, it is possible under very general conditions to find a coding system for transmitting binary digits at the
rateC with as small an equivocation or frequency of errors as desired. This is true, for example, if, when we
take a finite dimensional approximating space for the signal functions,P(x;y) is continuous in bothx andy
except at a set of points of probability zero.

An important special case occurs when the noise is added to the signal and is independent of it (in the
probability sense). ThenPx(y) is a function only of the differencen= (y�x),

Px(y) = Q(y�x)
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and we can assign a definite entropy to the noise (independent of the statistics of the signal), namely the
entropy of the distributionQ(n). This entropy will be denoted byH(n).

Theorem 16:If the signal and noise are independent and the received signal is the sum of the transmitted
signal and the noise then the rate of transmission is

R= H(y)�H(n);

i.e., the entropy of the received signal less the entropy of the noise. The channel capacity is

C = Max
P(x)

H(y)�H(n):

We have, sincey= x+n:
H(x;y) = H(x;n):

Expanding the left side and using the fact thatx andn are independent

H(y)+Hy(x) = H(x)+H(n):

Hence
R= H(x)�Hy(x) = H(y)�H(n):

SinceH(n) is independent ofP(x), maximizingR requires maximizingH(y), the entropy of the received
signal. If there are certain constraints on the ensemble of transmitted signals, the entropy of the received
signal must be maximized subject to these constraints.

25. CHANNEL CAPACITY WITH AN AVERAGE POWER LIMITATION

A simple application of Theorem 16 is the case when the noise is a white thermal noise and the transmitted
signals are limited to a certain average powerP. Then the received signals have an average powerP+N
whereN is the average noise power. The maximum entropy for the received signals occurs when they also
form a white noise ensemble since this is the greatest possible entropy for a powerP+N and can be obtained
by a suitable choice of transmitted signals, namely if they form a white noise ensemble of powerP. The
entropy (per second) of the received ensemble is then

H(y) =W log2�e(P+N);

and the noise entropy is
H(n) =W log2�eN:

The channel capacity is

C = H(y)�H(n) =W log
P+N

N
:

Summarizing we have the following:

Theorem 17:The capacity of a channel of bandW perturbed by white thermal noise powerN when the
average transmitter power is limited toP is given by

C=W log
P+N

N
:

This means that by sufficiently involved encoding systems we can transmit binary digits at the rate

W log2
P+N

N
bits per second, with arbitrarily small frequency of errors. It is not possible to transmit at a

higher rate by any encoding system without a definite positive frequency of errors.
To approximate this limiting rate of transmission the transmitted signals must approximate, in statistical

properties, a white noise.6 A system which approaches the ideal rate may be described as follows: Let

6This and other properties of the white noise case are discussed from the geometrical point of view in “Communication in the
Presence of Noise,”loc. cit.

43



M = 2s samples of white noise be constructed each of durationT. These are assigned binary numbers from
0 to M�1. At the transmitter the message sequences are broken up into groups ofs and for each group
the corresponding noise sample is transmitted as the signal. At the receiver theM samples are known and
the actual received signal (perturbed by noise) is compared with each of them. The sample which has the
least R.M.S. discrepancy from the received signal is chosen as the transmitted signal and the corresponding
binary number reconstructed. This process amounts to choosing the most probable (a posteriori) signal.
The numberM of noise samples used will depend on the tolerable frequency� of errors, but for almost all
selections of samples we have

Lim
�!0

Lim
T!∞

logM(�;T)

T
=W log

P+N
N

;

so that no matter how small� is chosen, we can, by takingT sufficiently large, transmit as near as we wish

to TW log
P+N

N
binary digits in the timeT.

Formulas similar toC = W log
P+N

N
for the white noise case have been developed independently

by several other writers, although with somewhat different interpretations. We may mention the work of
N. Wiener,7 W. G. Tuller,8 and H. Sullivan in this connection.

In the case of an arbitrary perturbing noise (not necessarily white thermal noise) it does not appear that
the maximizing problem involved in determining the channel capacityC can be solved explicitly. However,
upper and lower bounds can be set forC in terms of the average noise powerN the noise entropy powerN1.
These bounds are sufficiently close together in most practical cases to furnish a satisfactory solution to the
problem.

Theorem 18:The capacity of a channel of bandW perturbed by an arbitrary noise is bounded by the
inequalities

W log
P+N1

N1
�C�W log

P+N
N1

where

P= average transmitter power

N = average noise power

N1 = entropy power of the noise.

Here again the average power of the perturbed signals will beP+N. The maximum entropy for this
power would occur if the received signal were white noise and would beW log2�e(P+N). It may not
be possible to achieve this; i.e., there may not be any ensemble of transmitted signals which, added to the
perturbing noise, produce a white thermal noise at the receiver, but at least this sets an upper bound toH(y).
We have, therefore

C = MaxH(y)�H(n)

�W log2�e(P+N)�W log2�eN1:

This is the upper limit given in the theorem. The lower limit can be obtained by considering the rate if we
make the transmitted signal a white noise, of powerP. In this case the entropy power of the received signal
must be at least as great as that of a white noise of powerP+N1 since we have shown in in a previous
theorem that the entropy power of the sum of two ensembles is greater than or equal to the sum of the
individual entropy powers. Hence

MaxH(y)�W log2�e(P+N1)

7Cybernetics, loc. cit.
8“Theoretical Limitations on the Rate of Transmission of Information,”Proceedings of the Institute of Radio Engineers,v. 37,

No. 5, May, 1949, pp. 468–78.
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and

C�W log2�e(P+N1)�W log2�eN1

=W log
P+N1

N1
:

As P increases, the upper and lower bounds approach each other, so we have as an asymptotic rate

W log
P+N

N1
:

If the noise is itself white,N = N1 and the result reduces to the formula proved previously:

C=W log
�

1+
P
N

�
:

If the noise is Gaussian but with a spectrum which is not necessarily flat,N1 is the geometric mean of
the noise power over the various frequencies in the bandW. Thus

N1 = exp
1
W

Z
W

logN( f )d f

whereN( f ) is the noise power at frequencyf .

Theorem 19:If we set the capacity for a given transmitter powerP equal to

C=W log
P+N��

N1

then� is monotonic decreasing asP increases and approaches 0 as a limit.

Suppose that for a given powerP1 the channel capacity is

W log
P1+N��1

N1
:

This means that the best signal distribution, sayp(x), when added to the noise distributionq(x), gives a
received distributionr(y) whose entropy power is(P1+N� �1). Let us increase the power toP1+�P by
adding a white noise of power�P to the signal. The entropy of the received signal is now at least

H(y) =W log2�e(P1+N��1+�P)

by application of the theorem on the minimum entropy power of a sum. Hence, since we can attain the
H indicated, the entropy of the maximizing distribution must be at least as great and� must be monotonic
decreasing. To show that�! 0 asP! ∞ consider a signal which is white noise with a largeP. Whatever
the perturbing noise, the received signal will be approximately a white noise, ifP is sufficiently large, in the
sense of having an entropy power approachingP+N.

26. THE CHANNEL CAPACITY WITH A PEAK POWER LIMITATION

In some applications the transmitter is limited not by the average power output but by the peak instantaneous
power. The problem of calculating the channel capacity is then that of maximizing (by variation of the
ensemble of transmitted symbols)

H(y)�H(n)

subject to the constraint that all the functionsf (t) in the ensemble be less than or equal to
p

S, say, for all
t. A constraint of this type does not work out as well mathematically as the average power limitation. The

most we have obtained for this case is a lower bound valid for all
S
N

, an “asymptotic” upper bound (valid

for large
S
N

) and an asymptotic value ofC for
S
N

small.
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Theorem 20:The channel capacityC for a bandW perturbed by white thermal noise of powerN is
bounded by

C�W log
2
�e3

S
N
;

whereS is the peak allowed transmitter power. For sufficiently large
S
N

C�W log
2
�eS+N

N
(1+ �)

where� is arbitrarily small. As
S
N
! 0 (and provided the bandW starts at0)

C
.

W log

�
1+

S
N

�
! 1:

We wish to maximize the entropy of the received signal. If
S
N

is large this will occur very nearly when

we maximize the entropy of the transmitted ensemble.
The asymptotic upper bound is obtained by relaxing the conditions on the ensemble. Let us suppose that

the power is limited toSnot at every instant of time, but only at the sample points. The maximum entropy of
the transmitted ensemble under these weakened conditions is certainly greater than or equal to that under the
original conditions. This altered problem can be solved easily. The maximum entropy occurs if the different
samples are independent and have a distribution function which is constant from�pSto+

p
S. The entropy

can be calculated as
W log4S:

The received signal will then have an entropy less than

W log(4S+2�eN)(1+ �)

with �! 0 as
S
N
! ∞ and the channel capacity is obtained by subtracting the entropy of the white noise,

W log2�eN:

W log(4S+2�eN)(1+ �)�Wlog(2�eN) =W log
2
�eS+N

N
(1+ �):

This is the desired upper bound to the channel capacity.
To obtain a lower bound consider the same ensemble of functions. Let these functions be passed through

an ideal filter with a triangular transfer characteristic. The gain is to be unity at frequency 0 and decline
linearly down to gain 0 at frequencyW. We first show that the output functions of the filter have a peak

power limitationSat all times (not just the sample points). First we note that a pulse
sin2�Wt

2�Wt
going into

the filter produces
1
2

sin2�Wt
(�Wt)2

in the output. This function is never negative. The input function (in the general case) can be thought of as
the sum of a series of shifted functions

a
sin2�Wt

2�Wt

wherea, the amplitude of the sample, is not greater than
p

S. Hence the output is the sum of shifted functions
of the non-negative form above with the same coefficients. These functions being non-negative, the greatest
positive value for anyt is obtained when all the coefficientsa have their maximum positive values, i.e.,

p
S.

In this case the input function was a constant of amplitude
p

Sand since the filter has unit gain for D.C., the
output is the same. Hence the output ensemble has a peak powerS.
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The entropy of the output ensemble can be calculated from that of the input ensemble by using the
theorem dealing with such a situation. The output entropy is equal to the input entropy plus the geometrical
mean gain of the filter: Z W

0
logG2 d f =

Z W

0
log

�W� f
W

�2
d f =�2W:

Hence the output entropy is

W log4S�2W =W log
4S
e2

and the channel capacity is greater than

W log
2
�e3

S
N
:

We now wish to show that, for small
S
N

(peak signal power over average white noise power), the channel

capacity is approximately

C =W log

�
1+

S
N

�
:

More preciselyC
.

W log

�
1+

S
N

�
! 1 as

S
N
! 0. Since the average signal powerP is less than or equal

to the peakS, it follows that for all
S
N

C�W log

�
1+

P
N

�
�W log

�
1+

S
N

�
:

Therefore, if we can find an ensemble of functions such that they correspond to a rate nearlyW log

�
1+

S
N

�
and are limited to bandW and peakS the result will be proved. Consider the ensemble of functions of the
following type. A series oft samples have the same value, either+

p
Sor�pS, then the nextt samples have

the same value, etc. The value for a series is chosen at random, probability1
2 for +

p
Sand 1

2 for �pS. If
this ensemble be passed through a filter with triangular gain characteristic (unit gain at D.C.), the output is
peak limited to�S. Furthermore the average power is nearlySand can be made to approach this by takingt
sufficiently large. The entropy of the sum of this and the thermal noise can be found by applying the theorem
on the sum of a noise and a small signal. This theorem will apply if

p
t

S
N

is sufficiently small. This can be ensured by taking
S
N

small enough (aftert is chosen). The entropy power

will be S+N to as close an approximation as desired, and hence the rate of transmission as near as we wish
to

W log

�
S+N

N

�
:

PART V: THE RATE FOR A CONTINUOUS SOURCE

27. FIDELITY EVALUATION FUNCTIONS

In the case of a discrete source of information we were able to determine a definite rate of generating
information, namely the entropy of the underlying stochastic process. With a continuous source the situation
is considerably more involved. In the first place a continuously variable quantity can assume an infinite
number of values and requires, therefore, an infinite number of binary digits for exact specification. This
means that to transmit the output of a continuous source withexact recoveryat the receiving point requires,

47



in general, a channel of infinite capacity (in bits per second). Since, ordinarily, channels have a certain
amount of noise, and therefore a finite capacity, exact transmission is impossible.

This, however, evades the real issue. Practically, we are not interested in exact transmission when we
have a continuous source, but only in transmission to within a certain tolerance. The question is, can we
assign a definite rate to a continuous source when we require only a certain fidelity of recovery, measured in
a suitable way. Of course, as the fidelity requirements are increased the rate will increase. It will be shown
that we can, in very general cases, define such a rate, having the property that it is possible, by properly
encoding the information, to transmit it over a channel whose capacity is equal to the rate in question, and
satisfy the fidelity requirements. A channel of smaller capacity is insufficient.

It is first necessary to give a general mathematical formulation of the idea of fidelity of transmission.
Consider the set of messages of a long duration, sayT seconds. The source is described by giving the
probability density, in the associated space, that the source will select the message in questionP(x). A given
communication system is described (from the external point of view) by giving the conditional probability
Px(y) that if messagex is produced by the source the recovered message at the receiving point will bey. The
system as a whole (including source and transmission system) is described by the probability functionP(x;y)
of having messagex and final outputy. If this function is known, the complete characteristics of the system
from the point of view of fidelity are known. Any evaluation of fidelity must correspond mathematically
to an operation applied toP(x;y). This operation must at least have the properties of a simple ordering of
systems; i.e., it must be possible to say of two systems represented byP1(x;y) andP2(x;y) that, according to
our fidelity criterion, either (1) the first has higher fidelity, (2) the second has higher fidelity, or (3) they have
equal fidelity. This means that a criterion of fidelity can be represented by a numerically valued function:

v
�
P(x;y)

�
whose argument ranges over possible probability functionsP(x;y).

We will now show that under very general and reasonable assumptions the functionv
�
P(x;y)

�
can be

written in a seemingly much more specialized form, namely as an average of a function�(x;y) over the set
of possible values ofx andy:

v
�
P(x;y)

�
=

ZZ
P(x;y)�(x;y)dxdy:

To obtain this we need only assume (1) that the source and system are ergodic so that a very long sample
will be, with probability nearly 1, typical of the ensemble, and (2) that the evaluation is “reasonable” in the
sense that it is possible, by observing a typical input and outputx1 andy1, to form a tentative evaluation
on the basis of these samples; and if these samples are increased in duration the tentative evaluation will,
with probability 1, approach the exact evaluation based on a full knowledge ofP(x;y). Let the tentative
evaluation be�(x;y). Then the function�(x;y) approaches (asT ! ∞) a constant for almost all(x;y) which
are in the high probability region corresponding to the system:

�(x;y)! v
�
P(x;y)

�
and we may also write

�(x;y)!
ZZ

P(x;y)�(x;y)dxdy

since ZZ
P(x;y)dxdy= 1:

This establishes the desired result.
The function�(x;y) has the general nature of a “distance” betweenx andy.9 It measures how undesirable

it is (according to our fidelity criterion) to receivey whenx is transmitted. The general result given above
can be restated as follows: Any reasonable evaluation can be represented as an average of a distance function
over the set of messages and recovered messagesx andy weighted according to the probabilityP(x;y) of
getting the pair in question, provided the durationT of the messages be taken sufficiently large.

The following are simple examples of evaluation functions:

9It is not a “metric” in the strict sense, however, since in general it does not satisfy either�(x;y) = �(y;x) or�(x;y)+�(y;z)� �(x;z).
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1. R.M.S. criterion.
v=

�
x(t)�y(t)

�2
:

In this very commonly used measure of fidelity the distance function�(x;y) is (apart from a constant
factor) the square of the ordinary Euclidean distance between the pointsx andy in the associated
function space.

�(x;y) =
1
T

Z T

0

�
x(t)�y(t)

�2
dt:

2. Frequency weighted R.M.S. criterion. More generally one can apply different weights to the different
frequency components before using an R.M.S. measure of fidelity. This is equivalent to passing the
differencex(t)� y(t) through a shaping filter and then determining the average power in the output.
Thus let

e(t) = x(t)�y(t)

and
f (t) =

Z ∞

�∞
e(�)k(t� �)d�

then

�(x;y) =
1
T

Z T

0
f (t)2 dt:

3. Absolute error criterion.

�(x;y) =
1
T

Z T

0

��x(t)�y(t)
��dt:

4. The structure of the ear and brain determine implicitly an evaluation, or rather a number of evaluations,
appropriate in the case of speech or music transmission. There is, for example, an “intelligibility”
criterion in which�(x;y) is equal to the relative frequency of incorrectly interpreted words when
messagex(t) is received asy(t). Although we cannot give an explicit representation of�(x;y) in these
cases it could, in principle, be determined by sufficient experimentation. Some of its properties follow
from well-known experimental results in hearing, e.g., the ear is relatively insensitive to phase and the
sensitivity to amplitude and frequency is roughly logarithmic.

5. The discrete case can be considered as a specialization in which we have tacitly assumed an evaluation
based on the frequency of errors. The function�(x;y) is then defined as the number of symbols in the
sequencey differing from the corresponding symbols inx divided by the total number of symbols in
x.

28. THE RATE FOR A SOURCE RELATIVE TO A FIDELITY EVALUATION

We are now in a position to define a rate of generating information for a continuous source. We are given
P(x) for the source and an evaluationv determined by a distance function�(x;y) which will be assumed
continuous in bothx andy. With a particular systemP(x;y) the quality is measured by

v=
ZZ

�(x;y)P(x;y)dxdy:

Furthermore the rate of flow of binary digits corresponding toP(x;y) is

R=

ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy:

We define the rateR1 of generating information for a given qualityv1 of reproduction to be the minimum of
R when we keepv fixed atv1 and varyPx(y). That is:

R1 = Min
Px(y)

ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy
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subject to the constraint:

v1 =
ZZ

P(x;y)�(x;y)dxdy:

This means that we consider, in effect, all the communication systems that might be used and that
transmit with the required fidelity. The rate of transmission in bits per second is calculated for each one
and we choose that having the least rate. This latter rate is the rate we assign the source for the fidelity in
question.

The justification of this definition lies in the following result:

Theorem 21:If a source has a rateR1 for a valuationv1 it is possible to encode the output of the source
and transmit it over a channel of capacityC with fidelity as nearv1 as desired providedR1 �C. This is not
possible ifR1 >C.

The last statement in the theorem follows immediately from the definition ofR1 and previous results. If
it were not true we could transmit more thanC bits per second over a channel of capacityC. The first part
of the theorem is proved by a method analogous to that used for Theorem 11. We may, in the first place,
divide the(x;y) space into a large number of small cells and represent the situation as a discrete case. This
will not change the evaluation function by more than an arbitrarily small amount (when the cells are very
small) because of the continuity assumed for�(x;y). Suppose thatP1(x;y) is the particular system which
minimizes the rate and givesR1. We choose from the high probabilityy’s a set at random containing

2(R1+�)T

members where�! 0 asT ! ∞. With largeT each chosen point will be connected by a high probability
line (as in Fig. 10) to a set ofx’s. A calculation similar to that used in proving Theorem 11 shows that with
largeT almost allx’s are covered by the fans from the choseny points for almost all choices of they’s. The
communication system to be used operates as follows: The selected points are assigned binary numbers.
When a messagex is originated it will (with probability approaching 1 asT ! ∞) lie within at least one
of the fans. The corresponding binary number is transmitted (or one of them chosen arbitrarily if there are
several) over the channel by suitable coding means to give a small probability of error. SinceR1�C this is
possible. At the receiving point the correspondingy is reconstructed and used as the recovered message.

The evaluationv01 for this system can be made arbitrarily close tov1 by taking T sufficiently large.
This is due to the fact that for each long sample of messagex(t) and recovered messagey(t) the evaluation
approachesv1 (with probability 1).

It is interesting to note that, in this system, the noise in the recovered message is actually produced by a
kind of general quantizing at the transmitter and not produced by the noise in the channel. It is more or less
analogous to the quantizing noise in PCM.

29. THE CALCULATION OF RATES

The definition of the rate is similar in many respects to the definition of channel capacity. In the former

R= Min
Px(y)

ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy

with P(x) andv1 =

ZZ
P(x;y)�(x;y)dxdyfixed. In the latter

C= Max
P(x)

ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy

with Px(y) fixed and possibly one or more other constraints (e.g., an average power limitation) of the form
K =

RR
P(x;y)�(x;y)dxdy.

A partial solution of the general maximizing problem for determining the rate of a source can be given.
Using Lagrange’s method we consider

ZZ �
P(x;y) log

P(x;y)
P(x)P(y)

+�P(x;y)�(x;y)+�(x)P(x;y)

�
dxdy:
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The variational equation (when we take the first variation onP(x;y)) leads to

Py(x) = B(x)e���(x;y)

where� is determined to give the required fidelity andB(x) is chosen to satisfy
Z

B(x)e���(x;y) dx= 1:

This shows that, with best encoding, the conditional probability of a certain cause for various received
y, Py(x) will decline exponentially with the distance function�(x;y) between thex andy in question.

In the special case where the distance function�(x;y) depends only on the (vector) difference betweenx
andy,

�(x;y) = �(x�y)

we have Z
B(x)e���(x�y) dx= 1:

HenceB(x) is constant, say�, and
Py(x) = �e���(x�y):

Unfortunately these formal solutions are difficult to evaluate in particular cases and seem to be of little value.
In fact, the actual calculation of rates has been carried out in only a few very simple cases.

If the distance function�(x;y) is the mean square discrepancy betweenx andy and the message ensemble
is white noise, the rate can be determined. In that case we have

R= Min
�
H(x)�Hy(x)

�
= H(x)�MaxHy(x)

with N = (x�y)2. But the MaxHy(x) occurs wheny�x is a white noise, and is equal toW1 log2�eNwhere
W1 is the bandwidth of the message ensemble. Therefore

R=W1 log2�eQ�W1log2�eN

=W1 log
Q
N

whereQ is the average message power. This proves the following:

Theorem 22:The rate for a white noise source of powerQ and bandW1 relative to an R.M.S. measure
of fidelity is

R=W1 log
Q
N

whereN is the allowed mean square error between original and recovered messages.

More generally with any message source we can obtain inequalities bounding the rate relative to a mean
square error criterion.

Theorem 23:The rate for any source of bandW1 is bounded by

W1 log
Q1

N
�R�W1 log

Q
N

whereQ is the average power of the source,Q1 its entropy power andN the allowed mean square error.

The lower bound follows from the fact that the MaxHy(x) for a given(x�y)2 = N occurs in the white
noise case. The upper bound results if we place points (used in the proof of Theorem 21) not in the best way
but at random in a sphere of radius

p
Q�N.
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APPENDIX 5

Let S1 be any measurable subset of theg ensemble, andS2 the subset of thef ensemble which givesS1

under the operationT. Then
S1 = TS2:

Let H� be the operator which shifts all functions in a set by the time�. Then

H�S1 = H�TS2 = TH�S2

sinceT is invariant and therefore commutes withH�. Hence ifm[S] is the probability measure of the setS

m[H�S1] = m[TH�S2] = m[H�S2]

= m[S2] = m[S1]

where the second equality is by definition of measure in theg space, the third since thef ensemble is
stationary, and the last by definition ofg measure again.

To prove that the ergodic property is preserved under invariant operations, letS1 be a subset of theg
ensemble which is invariant underH�, and letS2 be the set of all functionsf which transform intoS1. Then

H�S1 = H�TS2 = TH�S2 = S1

so thatH�S2 is included inS2 for all �. Now, since

m[H�S2] = m[S1]

this implies
H�S2 = S2

for all � with m[S2] 6= 0;1. This contradiction shows thatS1 does not exist.

APPENDIX 6

The upper bound,N3 � N1+N2, is due to the fact that the maximum possible entropy for a powerN1+N2

occurs when we have a white noise of this power. In this case the entropy power isN1+N2.
To obtain the lower bound, suppose we have two distributions inn dimensionsp(xi) andq(xi) with

entropy powersN1 andN2. What form shouldp andq have to minimize the entropy powerN3 of their
convolutionr(xi):

r(xi) =
Z

p(yi)q(xi�yi)dyi :

The entropyH3 of r is given by

H3 =�
Z

r(xi) logr(xi)dxi :

We wish to minimize this subject to the constraints

H1 =�
Z

p(xi) logp(xi)dxi

H2 =�
Z

q(xi) logq(xi)dxi :
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We consider then

U =�
Z �

r(x) logr(x)+�p(x) logp(x)+�q(x) logq(x)
�
dx

�U =�
Z �

[1+ logr(x)]�r(x)+�[1+ logp(x)]�p(x)+�[1+ logq(x)]�q(x)
�
dx:

If p(x) is varied at a particular argumentxi = si , the variation inr(x) is

�r(x) = q(xi�si)

and
�U =�

Z
q(xi�si) logr(xi)dxi�� logp(si) = 0

and similarly whenq is varied. Hence the conditions for a minimum are
Z

q(xi�si) logr(xi)dxi =�� logp(si)
Z

p(xi�si) logr(xi)dxi =�� logq(si):

If we multiply the first byp(si) and the second byq(si) and integrate with respect tosi we obtain

H3 =��H1

H3 =��H2

or solving for� and� and replacing in the equations

H1

Z
q(xi�si) logr(xi)dxi =�H3 logp(si)

H2

Z
p(xi�si) logr(xi)dxi =�H3 logq(si):

Now supposep(xi) andq(xi) are normal

p(xi) =
jAi j jn=2

(2�)n=2
exp�1

2 ∑Ai j xixj

q(xi) =
jBi j jn=2

(2�)n=2
exp�1

2 ∑Bi j xixj :

Thenr(xi) will also be normal with quadratic formCi j . If the inverses of these forms areai j , bi j , ci j then

ci j = ai j +bi j :

We wish to show that these functions satisfy the minimizing conditions if and only ifai j = Kbi j and thus
give the minimumH3 under the constraints. First we have

logr(xi) =
n
2

log
1

2�
jCi j j� 1

2 ∑Ci j xixj

Z
q(xi�si) logr(xi)dxi =

n
2

log
1

2�
jCi j j� 1

2 ∑Ci j sisj � 1
2 ∑Ci j bi j :

This should equal
H3

H1

�
n
2

log
1

2�
jAi j j� 1

2 ∑Ai j sisj

�

which requiresAi j =
H1

H3
Ci j . In this caseAi j =

H1

H2
Bi j and both equations reduce to identities.
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APPENDIX 7

The following will indicate a more general and more rigorous approach to the central definitions of commu-
nication theory. Consider a probability measure space whose elements are ordered pairs(x;y). The variables
x, y are to be identified as the possible transmitted and received signals of some long durationT. Let us call
the set of all points whosex belongs to a subsetS1 of x points the strip overS1, and similarly the set whose
y belong toS2 the strip overS2. We dividex andy into a collection of non-overlapping measurable subsets
Xi andYi approximate to the rate of transmissionR by

R1 =
1
T ∑

i
P(Xi ;Yi) log

P(Xi ;Yi)

P(Xi)P(Yi)

where

P(Xi) is the probability measure of the strip overXi

P(Yi) is the probability measure of the strip overYi

P(Xi ;Yi) is the probability measure of the intersection of the strips:

A further subdivision can never decreaseR1. For letX1 be divided intoX1 = X01+X001 and let

P(Y1) = a P(X1) = b+c

P(X01) = b P(X01;Y1) = d

P(X001 ) = c P(X001 ;Y1) = e

P(X1;Y1) = d+e:

Then in the sum we have replaced (for theX1, Y1 intersection)

(d+e) log
d+e

a(b+c)
by d log

d
ab

+elog
e
ac
:

It is easily shown that with the limitation we have onb, c, d, e,

�
d+e
b+c

�d+e

� ddee

bdce

and consequently the sum is increased. Thus the various possible subdivisions form a directed set, with
R monotonic increasing with refinement of the subdivision. We may defineR unambiguously as the least
upper bound forR1 and write it

R=
1
T

ZZ
P(x;y) log

P(x;y)
P(x)P(y)

dxdy:

This integral, understood in the above sense, includes both the continuous and discrete cases and of course
many others which cannot be represented in either form. It is trivial in this formulation that ifx andu are
in one-to-one correspondence, the rate fromu to y is equal to that fromx to y. If v is any function ofy (not
necessarily with an inverse) then the rate fromx to y is greater than or equal to that fromx to v since, in
the calculation of the approximations, the subdivisions ofy are essentially a finer subdivision of those for
v. More generally ify andv are related not functionally but statistically, i.e., we have a probability measure
space(y;v), thenR(x;v)�R(x;y). This means that any operation applied to the received signal, even though
it involves statistical elements, does not increaseR.

Another notion which should be defined precisely in an abstract formulation of the theory is that of
“dimension rate,” that is the average number of dimensions required per second to specify a member of
an ensemble. In the band limited case 2W numbers per second are sufficient. A general definition can be
framed as follows. Letf�(t) be an ensemble of functions and let�T [ f�(t); f�(t)] be a metric measuring
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the “distance” fromf� to f� over the timeT (for example the R.M.S. discrepancy over this interval.) Let
N(�;�;T) be the least number of elementsf which can be chosen such that all elements of the ensemble
apart from a set of measure� are within the distance� of at least one of those chosen. Thus we are covering
the space to within� apart from a set of small measure�. We define the dimension rate� for the ensemble
by the triple limit

�= Lim
�!0

Lim
�!0

Lim
T!∞

logN(�;�;T)

T log�
:

This is a generalization of the measure type definitions of dimension in topology, and agrees with the intu-
itive dimension rate for simple ensembles where the desired result is obvious.
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