
Intellectual Autobiography, 1922-1978        
(Written in 1978) 

I have divide d this autob iography into three main parts: education, 
research, personal reflections. The second part on research is t he 
longest and most substantial.  

I. Education  
 
I was born on March 17, 1922, in Tulsa, Oklahoma, and grew up  as 
an only child; my half brother George was born in 1943 after I had  
entered the army. My grandfather, C. E. Suppes, moved to Oklahoma 
from Ohio in the early  part of this  century. He and m y father were 
independent oil men, intelligent and com petent in their business but 
not well educated. My mother died when I was four and a half; I was 
raised by my stepmother, who married my father b efore I was six. 
She also had not had much formal education, but her interest in. self-
improvement was strong, and she encouraged me in a variety of ways 
to pursue my intellectual interests, in spite of m y father’s ambition 
for me to follow him and his father in the oil business. 
 
My interest in philosophy was gener ated early by my stepmother’s 
devotion for m ore than a decade to the Christian S cience of Ma ry 
Baker Eddy. From about the age of eight to fourteen years I attended 
Sunday school and church regularly  and studied the works of Edd y 
as well a s the Bible. The naive epistem ological idealism of Eddy’ s 
writings stirred my interest, which turned to skeptici sm by the age of 
thirteen or so. I can rem ember rather intense discussions with fellow  
Sunday-school students about h ow we were supposed to reconcile, 
for example, the bacteri al theory of diseas e with the purely 
mentalistic views of Eddy . No doubt  our arguments were not at all 
sophisticated, but o ur instinct to distrus t the flagrant conflicts with  
common sense and elementary science was sound.  
 
I attended the public schools in Tu lsa and was graduated from  Tulsa 
Central High School in 1939. My public school education was more 
influential on my development than is often the ease, mainly because 
I was a participant in what  is known as the Tyler eight-year study of 
the Progressive Education Association.  On the basis of examinations 
given in the s ixth grade, able students w ere selected to participate in  
a six-year experiment of accelerated education. In many respects the 
most competitive and ablest classes I ever attended were those in 
high school. One of the important aspects of this special educational 
venture was the extended attempt to get us as y oung students to t alk 
about a wide range of current events and everything else that 
interested us. As is often t he case, this led into som e unusual lines of 
effort. I can remember very well being chagrined at fourteen if I were 
not able to name the senators from every state in the union.  
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The high school courses in mathe matics, chemistry and history were 
excellent, but physics and English were relatively  mediocre. The 
English course was so dominated by the idiosyncrasies of the teacher 
we had for two years that we bec ame experts i n her life and 
tribulations rather than in the more essential matters of grammar and 
composition.  
 
I began college at the University of Oklahoma in 1939 but, after the 
first year, found the intellectual life too pedestrian co mpared to the 
much more exciting hi gh school years. In the second year I 
transferred to the Universi ty of Chicago, but, under the laissez-faire 
approach of Chicago, neglected my academic work so com pletely 
that my family insisted on my attending the University of Tulsa f or 
my third year, where I majored in physics. At the beginning of my 
fourth year I was called up in the Army Reserves (this was 1942) and 
returned to t he University of Chicago as a senior in uniform. I 
undertook there an intensive course in meteorology and received a 
BS degree from  the University  of Ch icago in 19 43. Knowledge of 
meteorology has stood m e in g ood stead throug hout the years in 
refuting arguments that  attempt to draw some sharp distinction 
between the precision and perfection of the physical sciences and the 
vagueness and imprecision of the social sciences. M eteorology is in 
theory a part of ph ysics, but in practice more like econom ies, 
especially in the handling of a vast flow of nonexperimental data.  
 
From Chicago I was sent to the South Pacific for two years of duty in 
1944 and 1 945. After a short period of adjustm ent, I found t he 
isolation and serenity  of the Solo mon Islands quite attractive. I 
occupied myself with swimming, poker, Aristotle, and a couple of 
correspondence courses in mathematics and French. After a y ear of 
living on a small island, occupied onl y by military troops, I was 
transferred to Guam, which seemed relatively civilized but les s 
conducive to intellectual work. 
 
I was discharged from the Arm y Air Force in 1946,  and after some 
months of deciding what t o do, changing my mind any number of 
times, and spending m ore than half a year working for m y father in 
the oil fields near  Artesia, New Mexico, I ent ered Columbia 
University as a graduate student in phi losophy in J anuary of 1 947 
and received a PhD in 1950. 
 
As an undergraduate I moved too often to be strongly  influenced by 
any one tea cher. I do r emember certain impressive individuals, 
including Richard McKeon at Chicago, who lectu red on Aristotle, 
Norman Steenrod, who  taught my first course in calculus, and  
Professor Tanner at the University  of Tulsa, from whom  I le arned 
elementary Greek.  
 
The situation was differen t in graduate school. I was influenced b y 
Ernest Nagel more than by anyone else and I still relish the memory 
of the first lecture of his that I attended in 1947. I came to philosophy 
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without much background in the subj ect, since my undergraduate 
training was primarily  in mathe matics and phy sics. But N agel’s 
skeptical, patient and detailed analy sis of F. H. Bradley  and Jo hn 
Dewey, in the first course I took from  him, won my attention and 
interest from the start. I have recorde d these i mpressions in more 
detail in my account of Nagel’s lectures on Dewey  (l969e). In those 
days, interdisciplinary work was very much favored in the  
Department of Philosophy, and consequently I continued to learn a 
good deal more mathematics and physics. I still remember with great 
pleasure the beautiful and penetrating lectures of Sa muel Eilenberg 
on topology and group th eory, and I rem ember well the course in 
relativity theory I took from  L. H. Thomas. Tho mas was a t errible 
lecturer, in sharp contrast to the brilliance of Nagel or Eilenberg, but  
he knew so m uch about the subject an d was in such total contro l of 
the theory and relevant data that it was impossible not to learn a great 
deal and to be enorm ously impressed by the o rganization and 
presentation of the lectures.  
 
In those years Columbia was swarming with returning veterans, and 
in certain ways we veterans had our own ideas about what should be 
taught in graduate school. We organized in 1947 or 1948 an informal 
seminar on von Neumann and Morgenstern’s theory of games, partly 
because we did not seem  to be able to find a course on the subje ct, 
but also because Colu mbia’s graduate school immediately  after the 
war was so vastly overcrowded that the kind of in dividual attention 
graduate students now rec eive at Stanford, for example, was simply 
unheard of in al most all departments at Colu mbia. I felt myself 
extremely lucky to have as much personal contact as I did w ith 
Ernest Nagel. Friends of mine in the History Department saw their 
adviser only a few hours during their entire graduate-school career, 
including completion of the dissertation.  
 
Considering my relatively extensive research efforts in psy chology 
from about 1955 onward, it is so mewhat surprising that I took no 
work in ps ychology either as an undergraduate or as a graduate 
student, but there wa s a feature of my education that made it easier 
for me to pick up what I needed to know without p rior systematic 
training. As an undergrad uate I wandered about in several differen t 
fields, and because  of the ea sygoing policy of the  Department of 
Philosophy in those days at Columbia I spent a good deal of time in 
nonphilosophical courses. I thus developed early the habits of  
absorbing a wide variety of information and feeling  at home in the  
problem of learning a su bject in whic h I had  not had much prior 
training or guidance.  
 
Because of my background and interests in physics I wanted to write 
a dissertation about the philosophy of physics, in particular to give a 
modern axiomatic treatment of some branch of phy sics, but as I got  
deeper into the subject I  realized that this was n ot the kind of 
dissertation that was considered appropriate in philosophy. The 
Department at that tim e was prim arily historically oriented, and 
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Nagel advised me to consider a more informal approach to the  
foundations of physics. What we finally agreed on was a study of the 
concept of action at a dist ance, and: a good deal of the dissertation 
was devoted to an analy tical study of this concept in the works of 
Descartes, Newton, Boscovich, and Kant. I was able  to come closer 
to my original interest in a chapter on the special theory of relativity, 
but certainly what I had to say  in that chapter was no contribution to 
the axiomatic foundation s of the subject. I did find the histori cal 
work absorbing and have continued over the years to retain and,  on 
occasion, profitably to use the knowledge about the history of  
philosophy and science I first sy stematically acquired as a graduate 
student at Colum bia. The part of my dissertation I published, with 
only minor modifications, was the material on Descartes (1954a). 
But I have  relatively recently used much more of the dissertation 
material in a long article on Aristo tle’s theory of matter (l974b), in 
which I also review the theories of matter of Descartes, Boscovich, 
and Kant.  
 
Earlier, but still long after  the dissertation was written, I used some 
of the m aterial on Kant in a Festschrift article for John Herman  
Randall, Jr. (1967h). Randall’s lectures in the histor y of philosophy 
were a great occasion at  Columbia, and it was a pleasure to s ay 
something in detail about Kant’s philosophy of  science as an 
extension of Randall’s i nterpretation in t he Festschrift volu me. 
Randall, like a lot of other philosophers mainly interested in the 
history of philosophy, did not have a strong anal ytical turn of m ind, 
but his lectures wer e a memorable experience. As I said in the  
opening paragraph of my Festschrift article for Randall, "The wit, the 
literary quality, and the range of learning exhibited in these lectures 
were famous around  Columbia long before the ti me of my own 
arrival. As a young scientist turned phil osopher, the most important 
general thing I learned from Randall was not simply to read the great 
modern philosophers in terms of a cl ose explication of text, but also 
to realize that they  must be interpreted and considered against  the 
background of the development of modern science." The cont rast 
between Nagel’s anal ytical and dialectical skill and Randall’s 
sympathetic and impressionistic account of ideas was dramatic, but I 
can rightly claim that I  learned a gre at deal fro m both of t hem 
although I was clearly more influenced by Nagel.  
 
Another person whose intellectual habits influenced me at Columbia 
and who was of quite a different sort  than any  of the others I have 
mentioned was Paul Oskar Kristeller.  He was interested in the fine 
details of historical scholarship, fam ous of course for his work in 
Renaissance philosophy, but I was m ore influenced by the seminar 
on Kant that he and Randall gave. Kristeller’s meticulous insistence 
on a textual basis for every interp retation suggested in the sem inar, 
and his decisive way  of handling the text, were a model of 
scholarship that I ad mired and learned from , even though Kristeller 
always modestly insisted that he was in no sense a Kantian specialist. 
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I received my PhD from Columbia in June of 1950 but m y education 
scarcely stopped there. Although I began teaching upon arrival  at 
Stanford in the fall of 1950, where I ha ve been ever since, al most as 
soon as I could I also began to think about research in the philosophy 
of science. My problem was that I did not reall y know much about 
how to do any  serious resear ch and writing, since my graduate 
education did not involve the personal supervision of research of the 
kind so familiar to graduate students today. I was neither forced nor 
encouraged to produce early  in m y graduate car eer a publishable  
paper nor to because acquainted with the "how-to-do-it" aspects of 
research. 
 
I was, however, full of energy  and brimming over with ideas. I 
thrashed around f or a fe w months but fortunately I soo n became 
acquainted with J. C. C. McKinsey, a logician who had recently 
joined the Department of Philosophy at Stanford. McKinsey served 
as my postdoctoral tutor. It was fro m him that I l earned the set -
theoretical methods that have been my stock in trade for much of my 
career. It was not, however, just set-theoretical methods as such that 
MeKinsey taught m e but also a passion for clarity  that was 
unparalleled and had no precedent in my own pr ior education. I 
remember well his careful red-penciling of the initial draft I gave him 
of my first article on the t heory of measurement (195la). McKinsey 
was just completing a book on the theory of games and consequently 
also had some of the interests that wer e of importance to me as my 
own interests in the social sciences began to blossom.  
 
But there were other people, at Stanford and Berkeley who continued 
my education in those early  years at Stanford. With McKinsey’s 
encouragement I attended Alfred Ta rski’s seminar in Berkel ey. 
McKinsey always claimed that he  had learned everything he kn ew 
from Tarski. This was not true, but after attending Tarski’s seminar I 
understood why he liked to say this. Tarski was a ruthless taskmaster. 
I think he probably got the most out of his students of anyone I have  
known. His sem inar provided perhaps the best exam ple I know of 
vicarious learning. A stu dent who m ade a poorl y prepared seminar 
presentation was so ruthlessly  and m ercilessly questioned that the 
other students did not need any hints about the state of preparati on 
they should achieve before making their own presentations. Tarski,  
as one of the great examples of the Polish school of logic, was 
unwilling to go forward on a single point unless every thing covered 
thus far was completely clear—in parti cular, unless it was apparent 
to him that the set-theoreti cal framework within which the discourse 
was operating could be made totally explicit. It was from McKinsey 
and Tarski t hat I learned about t he axiomatic method and what it 
means to give a set-theoretical analysis of a subject.  
 
McKinsey died in 1953, and our co llaborative work on the axiomatic 
foundations of em pirical sciences was brought to  a sudden stop. 
Another learning experience that influenced much of my later work 
was the su mmer research position I ha d early in the fifties for a 
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couple of years with David Blackwell and M. A. Girshick while they 
were writing their influenti al book Theory of Games and Statistical 
Decisions (1954). As I remark later, I did n ot learn as much from 
them as I should have, but what I did absorb played an important role 
in a number of my early papers. 
 
In later years I have learned a great deal  from many persons who are 
mentioned below. Rather arbitrarily I have terminated this section on 
my education as of about  1954, but it seems important to m ention 
those who have taught me much of what I kn ow about psychology 
because, although my allegiance to philosophy had continued strong 
throughout all these years, for a considerable period I published more 
papers in psychology than in philosophy. Much of this work was due 
to the influence of William K. Este s, R. Duncan Luce, and Richard  
C. Atkinson. My joint work with each of them is di scussed later at 
appropriate points. 
 
II. Research  
 
I have grouped the discussion of m y research under seven headings: 
foundations of physics; theory of measurement; decision theory, 
foundations of probability, and causality; foundations of psychology; 
philosophy of language; education and co mputers; and philosophy 
and science. Where details warrant further organization, appropriate 
subheadings are also introduced. Th ere is so me arbitrariness in the  
classification, but I do not think an y serious confusions will arise.  
The number of topics on which I have worked is la rge and it would 
be foolish to claim that I have c ontributed in a  fundamental way to 
all of them. On the other hand, each of the main headings represents 
an area that has been the focus of my interests at some period over 
the past several decades.  
 
Foundations of Physics  
As already mentioned, my doctoral dissertation lay  within the 
philosophy of physics. In particular, I studied the pr oblem of action 
at a distance as it had occurred in 17th- and 18th-century physics and 
philosophy, especially in the wr itings of Descartes, Newt on, 
Boscovich, and Kant. The final chapter dealt with th e problem in the 
special theory of  relativity. Wor king on it strengthened my earlier 
desire to give an axiomatic  formulation of classical mechanics in the 
spirit of modern mathematics rather than ’physical’ axiomatizations 
common in p hysics. Serious joint wor k on t his project began soon 
after my arrival at Stanford, in collaboration with J. C.  C. McKinsey, 
and is represented in four pape rs we wrote on the foundations  of 
physics prior to McKinsey’s death in 1953 (1953a, 1953b, l953c also 
with A. C. Sugar, and 1955b). Shortly thereafter I wrote with 
Herman Rubin a sim ilar paper (l954c) on the axiomatic foundations 
of relativistic particle mechanics. It is a long and  very complicated 
piece of work that has not been read, I suspect, by very many people.  
My main interests soon turned to  research on decision theor y and 
related problems in the foundatio ns of psychology but I have 
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continued through the years to have an interest in ph ysics, and an  
irregularly spaced sequence of papers has reflected that interest.  
 
Special Relativity 
In 1957 I or ganized jointly with Leon Henkin and Alfred Tarski a 
symposium on the axio matic method with special reference to 
geometry and physics. Working wit h Henkin and Tarski on the 
organization of this symposium was an exhilarating experience. My 
own paper (1959a) was co ncerned with the derivation of the Lorentz 
transformations of special relativity from an explicit but minimal set 
of assumptions. Essentially, the aim  of the paper was to give an  
elementary derivation of t he Lorentz tr ansformations, without an y 
assumptions of continuity or linearity, from  a single axiom 
concerning invariance of the relativistic distance be tween any two 
space-time points connected by an inertial path or, put another way , 
from the assum ption of invariance of segments of inertial path s. 
Important new results on the derivation of the Lorentz 
transformations have since been published by Walter Noll (1964), E. 
C. Zeeman (1964), and others.  
 
The elegant aspect of Noll’ s paper is that he axiom atizes 
Minkowskian chronometry using coordinate-free methods. More 
importantly, Zeeman shows that it is not necess ary to assume  
invariance of time-like intervals as I did, but that it is sufficient  to 
assume the preservation of. order, that is, the rel ativistic partial 
ordering of one point being after a nother is sufficient. Like man y 
simple and beautiful ideas, it is surp rising that this d id not occur to 
someone sooner. The key to the results is already present in the early 
work of Robb (1936), which shows that the binar y relation of being 
after is a sufficient conceptual b asis for the kinematical theory of 
special relativity.  
 
In the final section of my 1957 paper (1959a) I discuss the possibility 
of introducing a relation o f signaling in order to fix the direction of 
time. It is obvious that thi s can be done very  directly in an ad hoc 
fashion. What is needed, however, is some natural approach that i s 
fully satisfying from an intuitive and a conceptual standpoint. In his 
article, Noll makes so me remarks about t his, and he raises the 
question of whether his approach solves the problem  I rais ed. 
Essentially, Noll introduces a directed signal relation that is  
asymmetric, and of course if we postulate that the num erical 
representation must preserve the direc tion of signals passing fr om 
earlier to later events, the direction of time is guaranteed. I find t his 
approach unsatisfactory since this is  an arbitrary stipulation in the  
definition of isomorphisrn, and we get just as good a n isomorphism 
from a structural standpoint if the direction in time is reversed. At the 
time it did not see m feasible to give s uch an analysis, but recently I  
have been rethinki ng and, more importantly, learning a great d eal 
more about optics. It now seems to  me that natural qualitative 
postulates differentiating signals  being received and being sent 
should be fe asible, although such post ulates must go beyond the 
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purely kinematic aspects of the special theory of relativity to include 
some substantive assumptions, even if of a gener al nature, ab out 
physical optics.  
After a gap of some years, my interest in classical physics (in which I 
include special relativity) was revived while working on Chapter  10 
of Foundations of Measur ement (1971a). This chapter is concer ned 
with dimensional analysis and numerical laws. I think I m ade some 
contributions to the chapt er, but almost surely I learned m ore than I 
contributed, especially from Duncan Luce. The  rather tech nical 
material in this chapter on the algebra of phy sical quantities and on 
dimensional analysis, including the question of why numerical laws 
are dimensionally invariant, has not been much picked up b y 
philosophers of science, but I think that in due time it will be.  
 
Quantum Mechanics  
Most of the effort that I have put in on the found ations of physics 
since 1960 has been devoted to quantum mechanics, and this 
continues to be a  current active i ntellectual interest. Almost 
everything that I have written about q uantum mechanics has b een 
intertwined with questions related to the foundations of probability, 
especially as to how probabilistic concepts are used in quantu m 
mechanics. My first paper on the subject (1961c) was concerned with 
the absence of a joi nt distribution of position and m omentum in 
many standard cases. I shall not enter into the technical details of the 
argument here, but I do want to conve y the basic philosophical po int 
that I continue to find the real puzzle of quantum mechanics. Not the 
move away from classical determinism, but the way s in which the  
standard versions see m to lie outside the alm ost universal 
methodology of m odern probability theory and mathematical 
statistics. For me it is in t his arena that  the real  puzzles of quant um 
mechanics are to be found. I am  philosophically willing to violate 
classical physical principles without too m any qualms, but when it 
comes to moving away from the b road conceptual and formal  
framework of modern probability theory I am  at once uneasy . My 
historical view of the situation is that if probabilit y theory had been 
developed to anything like its current sophisticated state at the time 
the basic work on quantum mechanics was done in the twenties, then 
a very different sort of theory would have been formulated.  
 
It is worth recording a couple of im pressions about this because they 
indicate the kind of change s that can take place in one’ s attitudes as 
the years go by. Initially I was much impressed by the mathematical 
formulation of foundations given by von Neum ann in his classi cal 
work and, later, b y Mackey (1963), whose book has also beco me 
classical in i ts own way . No doubt I was originall y struck by  the 
mathematical clarity and sophistica tion of this work, but in lat er 
years I have become dissatisfied with the unsatisfac tory conceptual 
basis from a probabilistic standpoint of the way in which the theor y 
is formulated. I shall give  here just two exam ples to indicate the  
nature of my conceptual dissatisfaction. Von Neumann stresses that 
we can take the expectation of th e sum of any  two operators, even  
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though they are conjugate, that is, do  not commute. But once this  is 
said, the natural question i s to ask about the underl ying probability 
space that justifies the exact probabilistic meaning of the expectation. 
A similar question arises with respect to Mackey’ s treatment. 
Mackey takes as fundam ental the concept of the probabilit y that a 
measurement in a given state of an observable will  lead to a given 
value. This seems innocent e nough, but when the fundamental 
postulates of the theory are stated in these terms, what seems missing 
from what one would expect in a standard causal physical theory  is 
any clarity about the relation betw een observables. The axio ms he 
gives would seem to concentrate too deeply on the relatively  simple 
properties of the pro bability of a given measurement on a give n 
observable and no t enough on the causal dependencies between 
observables. (It is important to remember that I am not really making 
a technical argument here but tr ying to give the in tuitions back of 
arguments that I think can be formalized.)  
 
A detailed analysis of th e kinds of  requirements that a satisfactor y 
probabilistic theory of quantum mechanical phenomena should have 
is laid out for the si mple case of th e harmonic oscillator in a 
relatively recent paper by Zanotti and me (1976m). As I write t his 
autobiography I am struggling to develop in a much deeper way than 
I have previ ously a thor oughgoing probabilistic interpretation of  
interference phenomena in quantu m mechanics, especially as 
produced by the classical two-slit experiment.  
 
Until recently I thought that the most im portant philosophical 
problems of quantum  mechanics could be analyzed in t he 
nonrelativistic framework characteristic of the earl y development of 
the subject. An effort to understand the place of probability concepts 
in relativistic quantum  mechanics has abruptl y changed my mind. 
The meshing of probability and relativity seems to be badly  worked 
out for even the most elementary problems. One sign of the difficulty 
is the superficiality  of the  development of probabili stic concepts in 
relativistic quantum mechanics. An extensive search of the literature, 
for example, has not re vealed a single discussion of particular  
distributions. The multivariate normal distribution is invariant unde r 
linear transformations, and the Lorentz transformations are linear, but 
the proper space-time hyperplane on which the distribution is defined 
needs to be correctly chosen to be Lorentz invariant as well. As far as 
I know, discussion of these ’ first’ questions does not yet exist, which 
I find very surprising.  
 
Although I continue to be fascinated by the conceptual problems of 
quantum mechanics and I think of it almost as a responsibilit y of any 
philosopher of science with wide interests to know a good  many of 
the details of  what is surely the most important scientific theory of 
the 20th century, I find that my own work here is le ss satisfying to 
me than othe r areas I discuss later, just becaus e I d o not anticipate  
making a sci entific contribution to  the subject. In the case of t he 
theory of measurement or psychology, for example, my contributions 
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have as much a scientific as a philosophical flavor,  and I find t hat 
this suits my temperament betterÑindependent of whether the 
scientific contribution is of greater or less significance than the 
philosophical one. 
 
Theory of Measurement  
In my first published article (1951a) I gave a set of independ ent 
axioms for extensive quantities in the tradition of earlier work by 
Hölder and Nagel. My  contribution was primarily to weaken the  
assumptions of Hölder axioms and also to prove that both the axioms 
and the conc epts used were i ndependent. Looking around for other 
topics in measurement, and returnin g to the earlier interest in the 
theory of games and utility theory, it soon became apparent that there 
were more outstanding problems of measurement in psychology than 
in physics. One of my first efforts in this direction was a joint article 
with my student Muriel Winet (1955 d). We gave an axiomatization 
of utility based on the notion of utility differences. The idea of  
considering such utility differences is a very old one in the literature, 
but an expli cit and adequate set of axioms had not previo usly 
appeared. In 1956 I published two other articles which fell between  
decision theory and m easurement theory. One was on the role  of 
subjective probability and utilit y in decision making. In t his article 
(1956b) I used the results of the joint work with Win et to provide an 
axiomatization alternative to that given by Savage in his book 
Foundations of Statistics (1954). And in the second article, m y 
colleague Donald Davidson and I ga ve a finitistic axiomatization of 
subjective probability and utility (1956c).  
 
Shortly after this I began to think more generally about the 
foundational aspects of theories of measurement and was fortunate to 
have as a collaborator the logician  and mathematician Dana Scott, 
who was at that time a graduate student in mathematics. (Scott is also 
one of the Berkeley -Stanford persons from who m I learned a great 
deal, beginning when he was an undergraduate in a course on the 
philosophy of science I taught at Berkeley  in 19 52, along with 
Richard Montague. What a pair to have in such a course!) Scott and I 
tried to give a general framework for theories of measurement and to 
obtain some specific results about axio matization. This article was 
published in 1958, a year or so after it was written. The fram ework 
that Scott and I set up has, I think, been of use in th e literature, and 
probably the article with h im has been t he most important article in 
the theory of measurement that I have written, although the chapter 
in the Handbook of Mathematical Psychology, written with J. L. 
Zinnes and p ublished in 1963, has per haps been more influentia l, 
especially in psychology.  
 
My most important recent effort has been the extensive collaboration 
with David Krantz, Duncan Luce and Amos Tversky in the writing 
of our two-volum e treatise Foundations of Measurement , the first  
volume of which appeared in 1971.  At the tim e of writing t his 
autobiography, we are hard at work on Volum e II. M y present 
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feeling is that when Volume II is published I shall be happy to let the 
theory of measurement lie fallow for several years. It is, however, an 
area of peculiar fascination for a methodologist and philosopher of 
science like myself. The solution of any  one problem  seems 
immediately to generate in a natural way several more new problems. 
The theory nicely combines a de mand for form ally correct and  
explicit results with the continual pursuit of analy ses that are  
pertinent to experimental or em pirical procedures in a variet y of 
sciences but especially in psy chology, where the co ntroversy about 
the independent measurability of psy chological concepts has been  
long and intense. The theory of measurement provides an excellent 
example of an area in w hich real progress has be en made in the 
foundations of psychology. In earlier decades psychologists accepted 
the mistaken beliefs of phy sicists like Norman Cam pbell that 
fundamental measurement in psychology was impossible. Although 
Campbell had some wise things t o say about experimental methods 
in physics, he seemed to have only a rather dim grasp of elementary 
formal methods, and his work in m easurement suffered accordingly. 
Moreover, he did n ot even have the r udimentary scholarship to  be 
aware of the im portant earlier work of Helm holtz, Hölder, and 
others.  
 
The work of a number of people over the past several decades has led 
to a relatively sophisticated view of the foundations of measurement 
in psychology, and it seems unlikely that any substantial retreat from 
this solid foundation will take place in the future. I am so mewhat 
disappointed that the theory of measurement has not been of greater 
interest to a wider range of phil osophers of science. In m any ways it 
is a natural t opic for t he philosophy of science bec ause it does not 
require extensive incursions into the particular tech nical aspects of 
any one science but raises methodological issues that are common to 
many different disciplines. On the other hand, by now the subject has 
become an almost autonomous technical discipline, and it takes some 
effort to stay abreast of the extensive research literature.  
Although important contributions to the theory of measurement have 
already appeared sinc e we published Volume I  of Foundations of 
Measurement , I do think it will remain as a subst antial reference 
work in the subject for several years. What is perhaps most important 
is that we were able to do a fairly  good job of unif ying a variety of 
past results and t hereby providing a general framework for f uture 
development or the theory.  
 
Having mentioned the se minars of Tarski earlier. I cannot forb ear 
mentioning that perhaps the best sem inar, from my own perso nal 
standpoint, that I ever participated in was an in tensive one on 
measurement held jointly between Berkeley and Stanford m ore than 
ten years ago when Dunca n Luce was spending a year at the Center 
for Advanced Study in the Behavioral Sciences at Stanford. In 
addition to Luce and me, active participants were Ernest Adams, who 
is now Professor of Philosophy at Berkeley and was in the fifties my 
first PhD student, and Fred Roberts, w ho was at that time a graduate 
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student in m athematics at Stanford and is now a member of the  
Department of Mathem atics at Rutgers University. William Craig 
also participated on occasion and had penetrating things to say  even 
though he was not as deeply  immersed in the subject as were the rest 
of us. Our i ntensive discussions woul d often last well bey ond the 
normal two hours, and it would not be easy to summarize all that I 
learned in the course of the year.  
 
There is also a pedagogic al point about the theory of measurement, 
related to what I have said just  above about measurem ent in the 
philosophy of scienc e, that I want  to mention. The mathematics 
required for elementary examples in the theory of measurement is not 
demanding, and yet significant and precise results in the form  of 
representation theorems can be obta ined. I gave sever al such 
examples in my textbook in logic ( 1957a) and also in m y paper 
‘Finite Equal-interval Measure ment Structures’ (1972d). I continue  
to proselytize for the theory of measurement as an excellent source of 
precise but elem entary methodology to introduce students to 
systematic philosophy of science.  
 
Decision Theory, Foundations of Probability, and Causality  
 
Decision Theory  
It is not easy  to disentangle measurement theory and decision theory 
because the measurement of subj ective probability and utility has 
been such a central part of decision theory. The s eparation that I 
make will therefore be somewhat arbitrary. My really serious interest 
in psychology began with  experimental research on decision theory 
in collaboration with m y philosophical colleague Donald Davids on 
and a graduate student in psy chology at that ti me, Sidney Siegel. 
Davidson and I had begun collaborative work with McKinsey  in 
1953 on the theory of value and also on utilit y theory. We continued 
this work aft er McKinsey’s death, and it is reflected in Davidson,  
McKinsey, and Suppes (1955a) and in the joint article with Davidson 
(1956c) on the finitistic axiomatization of subjective probability and 
utility, already mentioned. The article o n the measurement of utility 
based on utility differences, with Muriel Winet, was also part of this 
effort.  
 
Sometime during the year 1954, Davidson and I u ndertook, with the 
collaboration of Siegel,  an experi mental investigation of  the 
measurement of utility and subjective probability. Our objective was 
to provide an explicit m ethodology for separating the measur ement 
of the two and at the same ti me to obtain conceptually  interesting 
results about the character of indivi dual utility and probability 
functions. This was my first experimental work and consequently in 
a genuine sense my first real introduction to psychology. The earlier 
papers on the foundations of decision theory concerned with formal 
problems of measurement were a natural and simple extension of my 
work in th e axiomatic foundations of phy sics. Undertaking 
experimental work was quite another matter. I can still remember our 
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many quandaries in deciding how to begin, and seeking the advice of 
several people, especially our colleagues in the Depart ment of 
Psychology at Stanford. 
 
I continued a program of experimentation in decision theory as 
exemplified in the joint w ork with Halsey Royden and Karol Walsh 
(1959i) and the development of a nonlinear model for the 
experimental measurement of uti lity with Walsh (1959j). This 
interest continued into th e sixties with an article (1960 g) on o pen 
problems in the foundations of subjective probability. Then in 1961 I 
drew upon my interest in learning  theory to try to create a 
behavioristic foundation for utility  theory (1961a), and I also made 
an attempt in that sa me year to explain the releva nce of deci sion 
theory to philosophy (196lb).  
 
The most important effort in this period was the writing with Duncan 
Luce of a long chapt er, ‘Preference, Utility  and Subjective 
Probability’ (1965i), f or Volume III of th e Handbook of 
Mathematical Psychology. The organization of a large am ount of 
material and the extensive interaction with Luce in the writing of this 
chapter taught me a great deal that I did not k now about the subject, 
and I think the chapter itself has been  useful for ot her people. It  is 
also worth mentioning that large parts of the joint effort with Kran tz, 
Luce and Tversky in w riting our two-volume treatise on the 
foundations of measurement have been concerned with decision 
theory.  
 
In the latter  part of the sixties I wrote several articles in the 
foundations of decision theor y, oriented more toward philosop hy 
than psychology. Three of the articles appeared  in a book on 
inductive logic edited jointl y with Jaakko Hintikka , my part-time 
philosophical colleague at Stanford for many years. 
 
One article dealt with probabilistic inference and the concept of total 
evidence (l966j). Here I advanced the argument that under  a 
Bayesian conception of be lief and decision there was no additional  
problem of total evidence, contrary  to the view held  by Carnap and 
also Hempel. According to this Bay esian view, which I continue to 
believe is essentially right on this matter, if a person is asked for the 
probability of an event at a given ti me, it will follow from t he 
conditions of coherence o n all of hi s beliefs at that ti me that t he 
probability he assigns to the event automatically takes into account  
the total evidence that he believes has relevance to the occurrence of  
the event. Th e way in whi ch total evidence is brought in is simple 
and straightforward; it is  just a cons equence of the ele mentary 
theorem on total probability.  
 
A second article in the volume (1966e) set forth a Bay esian approach 
to the paradoxes of confirm ation made famous by Hempel many 
years ago. I will not outline my solution here but m uch of the 
philosophical literature on  the pa radoxes of confirmation has taken 
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insufficient account of the natural Ba yesian solution, at least so I 
continue to think. A third article in the volume (1 966f) dealt with  
concept formation and Bay esian decisions. Here I attempted to s et 
forth the close relations between formal aspects of the psychology of 
concept formation and the theory of Bayesian decisions. I now think 
that the ideas I set forth here ar e the le ast interesting and the m ost 
transitory of those occurring in the three articles. The general idea of 
value in this article concerns the relation expressed between conce pt 
formation and the classical problem of induction. For those restricted 
settings in w hich no new concepts are needed but  for which a n 
induction about properties is required, a Bayesian approach is sound 
and can meet m ost, if not all, of the conceptual problems about 
induction that I regard as serious. On  the other hand, a Bay esian 
viewpoint toward induction does not  provide a general solution  
because it does not incorporate a theory of concept for mation. 
Genuinely new inductive knowledge about the wor ld requires not  
only a framework of inductive infere nce of the sort well worked out 
in the contemporary Bayesian literature but also a theor y about how 
new concepts are to be  generated and how their applicability is to be 
dealt with. This large and significant aspect of the general problem of 
induction seems to me still to be in a quite unsatisfactory state. In my 
own thinking, the problem of induction and the concept of rationality 
are closely tied together, and as I p oint out in the article o n 
probabilistic inference mentioned above, the Bayesian approach still 
provides a very  thin view of rationality, because the methods for 
changing belief as reflected in the in troduction of new concepts or in 
the focus of attention are not at all adequately handled. The outlines 
of any future theory that will deal in even a partially  satisfactory way 
with the central problem of concept formation are not at all  visible, 
and it may even be that the hope for a theory  that approaches 
completeness is mistaken.  
 
Distributive Justice  
For a variety of reasons, the literature on decision t heory has been 
interwined with the literature on so cial choice theory for a very long 
period, but t he focus of t he two literatures is rather different and I 
have certainly had more to say about decision theory than about the 
normative problems of social choice or distributive justice. To a large 
extent, this is an accident of where I have happened to have had some 
ideas to develop and not a matter of a priori choice. I have publishe d 
two papers on distributi ve justice (19661, 1977a). The main results 
about justice in the first one, which were stated only for two persons, 
were nicely generalized b y Amartya Sen (1970). T he other paper, 
which was j ust recently published, l ooks for arguments to def end 
unequal distributions of i ncome. I am as suspicious of sim plistic 
arguments that lead to a uniform distribution of income as I am of the 
use of the principle of indifference in the theory of beliefs to justify a 
uniform prior distributi on. The argu ments are too sim ple and 
practices in t he real worl d are too dif ferent. A classical economic 
argument to justify inequality  of income is productivit y, but in all 
societies and econo mic subgroups throughout the world differences 
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in income cannot be justi fied purely by claims abo ut productivity. 
Perhaps the most universal principle also at work is  one of seniority. 
Given the ubiquitous character of the  preferential status arising from 
seniority in the for m of i ncome and o ther rewards, it is surprising 
how little conceptual effort seems to have been addressed to the 
formulation of principles that justify  such universal practic es. I do 
not pretend to have the answer but  I believe that a proper analy sis 
will lead deeper into psychological principles of satisfaction than has 
been the ca se with most principles of justice that have bee n 
advanced. I take it as a psy chological fact that privileges of seniority 
will continue even in the utopia of tomorrow and I conjecture that the 
general psychological basis of senior ity considerations is the felt  
need for change. A wide range of in vestigations demonstrate the 
desirable nature of change itself  as a feature of bi ological life (not 
just of h umans) that has not been deeply enough recognized in 
standard theories of justice or of the good and the beautiful. 
 
Foundations of Probability 
The ancient Greek view was that time is cyclic rather than linear in  
character. I h old the same view about my own pattern of research. 
One of m y more recent articles (1974 g) is c oncerned with 
approximations yielding upper and lower probabilities in the 
measurement of partial be lief. The formal theory of such upper and 
lower probabilities in qualitative terms is very sim ilar to the 
framework for extensive quantities developed in my first pap er in 
1951. In retrospect, it is hard to understand why I did not see the 
simple qualitative analy sis given in t he 1974 paper at the time I 
posed a rather sim ilar problem in the 1 951 paper. The intuitive idea 
is completely simple and straightforward: A set of ‘perfect’ standard 
scales is introduced, and then the measurement of any other event or 
object (event in the case of probability, object in the case of mass) is 
made using s tandard scales just as we do in the ordinary  use of an  
equal-arm balance. This is not the only  occasion in which I have  
either not seen an obvious and sim ple approach to a subject until 
years later, or have in fact missed it entirely  until it was done b y 
someone else. 
 
On the other hand, what would appear to be the rather trivial problem 
of generalizing this same approach to expectations or expected utility 
immediately encounters difficulties. The source of the difficult y is 
that in the case of expecta tions we move from the relatively simple 
properties of subadditive and superadditive upper and lower 
measures to m ultiplicative problems as in the  characteristic 
expression for expected utility in which utilities and probabilities are 
multiplied and then added. The multiplicative generalization does not 
work well. It is easy to give a sim ple counterexample to 
straightforward generalization of the results for up per and low er 
probabilities, and this is do ne in Suppes (l975a). I have continued to 
try to understand better the many puzzles generated by the t heory of 
upper and lower probabilities, in jo int research with Mario Zanotti 
(1977j).  
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Partly as a by-product of our extensive discussions of the qualitative 
theory of upper and lower probab ilities, Zanotti and I (1976n) used 
results in the theory of extensive measurement to obtain what I think 
are rather elegant necessary and sufficient conditions for the 
existence of a probability m easure that strictly agrees with a  
qualitative ordering of probabilit y judgments. I shall not tr y to 
describe the exact results here but mention the device used that is  of 
some general conceptual interest. 
 
Over the years there have been a large  number of papers by m any 
different individuals on these matters. Essentially all of them ha ve 
formulated conditions in terms of events, with the underlying 
structure being that of the Boolean algebra of events and the ordering 
relation being a binary relation of one event being at least as probable 
as another. The conditions  have tu rned out not to be sim ple. The 
important aspect of the paper with  Zanotti is our recognition that 
events are the wrong obj ects to order. To each event there is a 
corresponding indicator function for t hat event, with the indicator 
function having the value one when a possible outcome lies in the 
event and the outcom e zero otherwise— as is apparent, in this 
standard formulation events are s ets of possible outcomes, that  is, 
sets of points in the probability  space. We obtain what Zanotti and I 
have baptized as extended indicator functions by closing the set of 
indicator functions under t he operation of functional addition. Using 
results already known in the theory  of extensive measurement it is 
then easy to give quite simple necessary and sufficient axioms on the 
ordering of extended indicator functions to o btain a num erical 
probability representation. 
 
Recently we have found correspondingl y simple necessary and 
sufficient qualitative axioms fo r conditional probability. The 
qualitative formulations of this theory beginning with the early  work 
of B. O. Koopman (1940a, l940b) have been especially complex. We 
have been able drastically  to simplify the axioms by using not only 
extended indicator functions, but the restriction of such functions to a 
given event t o express conditionalization. In t he ordinary logic of  
events, when we have a conditi onal probability P(A|B), there is no 
conditional event A|B, and thus it is  not possible to define operations 
on conditional or restricted events. However, if we replace the event 
A by its indicator function Ac, then Ac| B is just the indicator 
function restricted to the set B, and we  can express in a simple and 
natural way the operation of functi on addition of two such partial  
functions having the same do main. The analy sis of conditi onal 
probability requires considerably  more deviation from the theory of  
extensive measurement than does the unconditional case: for  
example, addition as just indicated is partial rather t han total. More 
importantly, a way has to be found to express the conceptual content 
of the theorem on total pr obability. The solution to this problem is 
the most interesting aspect of the axiomatization.  
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The move from events to  extended indicator functions is especially 
interesting philosophically, because the choice of the right objects to 
consider in formulating a given theory is, more often than I originally 
thought, mistaken in first efforts and, as these first efforts become 
crystallized and familiar, difficult to move away from. 
 
Apart from technical matters of formulation and axiomatic niceti es, 
there are, it seems to me, three fundamental concepts underlying 
probability theory. One is the addition of probabilities for mutually 
exclusive events, the second is the concept of independence of events 
or random variables, and the third is the concept of random ness. I 
have not said much here about either independence or randomness. A 
conceptually adequate formulation of the foundations of probabilit y 
should deal with both of these co ncepts in a transparent  and 
intuitively satisfactory way. For any  serious applications there is a 
fourth notion of eq ual importance. This is the notion of 
conditionalization, or t he appropriate conceptual method for 
absorbing new information and changing the given probabilities. I 
have ideas, some of which are surely  wrong, about how to deal with 
these matters and hope to be able to spend time on them in the future. 
However, rather than tr y to sketch what is still qui te premature, I 
want to end with so me general comments about the foundations  of 
probability and decision theory.  
 
It has been re marked by many people that logic is now becoming a 
mathematical subject and that philosophers are no lo nger main 
contributors to the subject. Because of its more advanced 
mathematical character this has rea lly been true of probabilit y from 
the beginning. The great contributi ons to the foundatio ns of 
probability have been made by  mathematicians—de Moivre, 
Laplace, von Mises, and Kolm ogorov come quickly to m ind. 
Although there is a tradition of  these matter s in philosophy —and 
here one thinks of Reichenbach and Carnap—it is still certainly true 
that philosophers have not had a strong  influence on the mainstream 
of probability theory, even in the form ulation of its foundations. On 
the other hand, I strongly believe in  the proposition that there is 
important and significant work in the foundations of probability that 
is more likely to be done b y philosophers than by anyone else. The 
various interpretations of foundations, ranging from the subjectiv e 
view of the c lassical period through the  relative frequency theory of 
the first part  of this cent ury to propensity and other views of late, 
have probably been discussed more thoroughly and m ore carefully 
by philosophers than by anyone else. I see no reason to think that this 
tradition will co me to an end. The closely  related problems of 
decision theory are just beginning  to receive equal  attention from 
philosophers after their rapid developnnent b y mathematical 
statisticians in the two decades after World War II.  
 
It is important for philosophers to be familiar with and to know the  
formal and technical developments by mathematicians and 
statisticians. It is unfortunate th at there has be en a tendency for 
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philosophers to pursue their own special for malisms that do  not 
relate well to the m ainstream of work. Such formalisms tend to be, 
from a mathematical and conceptual standpoin t, too elementary to  
come to grip s with com plex problems of app lications or to offer 
sufficient complexity of structure to handle the m ain problems of 
interest to those pursuing technical issues. What seems to me to be 
the right r ole for phil osophers in t hese matters is to be able to 
comment on and to use the concepts that are activel y developed in 
most cases by others. I do not see as viable a special philosophica l 
approach to probability, and my views on t his matter are consonant 
with what I think about other issues in the philosophy of science or in 
philosophy generally.  
 
Causality  
Because my own approach to causality is probabilistic in character, I  
have included it in this section. It is hard to think of  a philosophical 
topic that has re ceived more attention historically than that of 
causality. It has already  become clear to me that what I have had to 
say (1970a) has got to be extended, revised, and deepened, in order 
to meet objections that have b een made by other people and to  
account for a  variety of  phenomena that I did  not consider in a ny 
detail. Causality is one of t hose concepts that plays a major role in a 
variety of scientific disciplines and that can be clarifi ed and enriched 
by extensive philosophic al analysis. On so me subjects of a  
probabilistic kind I fi nd it hard to imagine how I, or  another 
philosopher, could improve in a substantial way  on what has been  
said with clarity and preci sion by probabilists and statisticians—the 
concept of a stochastic process is a good exam ple. This is not true of  
the concept of causality. A good many statisticians use the concept in 
various ways in their research and writing, and the c oncept has been 
a matter of controversy both in the physical sciences and in the social 
sciences over the past several d ecades. There is a major place in 
these discussions for phil osophical analyses of causality  that j oin 
issue firmly and squarely with this extensive scientific literature.  
A recent arti cle by Woods and Walto n (1977) emphasizes a point 
that is something of a minor scandal in phil osophy. This is the 
absence of cl ear and definite ele mentary principles for accepting or 
rejecting a causal relation. The teaching of ele mentary logic depends 
upon extensive use of material implication and other truth-functional 
sentential connectives, in much the same way that beginning students 
of physics are taught Newtonian and n ot relativistic mechanics. We 
unfortunately do not at the present time have the same tradition in 
philosophy about a range of concepts that lie outside of formal logic. 
Causality is perhaps the prime exam ple. I mention the point  as a 
matter of pedagog y but in fact it is a matter of ph ilosophy proper, 
because there has not been suffici ent development or agreemen t 
about the developm ents that have tak en place to provide a set  of 
transparent systematic concepts that can be used in introductory 
teaching.  
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There are one or two systematic points about causality I would like to 
comment on here without entering into  technical details The first is 
the objection to m y characterization of causality  in terms of 
probability. A standard remark about this characterization is that all 
kinds of spur ious relations will sa tisfy the definition of prima faci e 
cause. According to m y formulation, an event A i s a pri ma facie 
cause of eve nt B if A occurs earli er than B and the conditional  
probability of B given A is greater  than the unconditional probability 
of B alone. It  is properly pointed out that many kinds of events are 
connected in the sense o f this de finition by a prima fa cie causal 
relation, for example, the lowering of the baro meter and the rain that 
follows, and yet we all immediat ely reject the falling of  the 
barometer as a prima face cause of the rain. I see the situation here as  
no different from that which applies to logical inference. The 
machinery is set up to be indifferent to our intuitive facts about the 
world, so that we c an make logical  inferences t hat seem silly. 
Standard examples are easy  to give and are fam iliar to everybody . 
The same point is not as easily  accepted about causality, but it is my 
claim that this is a virtue and not  a defect of a general theory  of 
causality. It should be universally applicable; intuitive 
counterexamples simply reflect the fa ct that the f ormal theory is 
indifferent as to what intuitive knowledge or subst antive theory is 
being called upon.  
 
Moreover, the full formal theory  has appropriate devices for 
eliminating falling barometers as causes of rain. The standard notion 
to use here i s that of a s purious cause. Showing that other eve nts 
account for the change in conditional probability when the barometer 
is not present or broken provides the intuitive evidence we all accept 
for the absence of a  causal relation between falling barometers and 
rainfall. The second point , related to this one, is tha t the noti on of 
spurious cause itself and the closel y related one of genuine cause 
must be relativized to a particular conceptual framework. This is  
made especially clear when one wan ts to pro ve a theorem about 
causality within the framework of a particular scientific theory . In 
my 1970 monograph I did not make the relativization to a particu lar 
framework an explicit part of the definitions. It is obvious how t his 
can be done and perhaps in many  cases it should be done. I do thi nk 
that the insistence on relativizing the analysis of cause to a particular  
conceptual framework is a point  on which to make a stand. 
Absolutists, who think they know the full truth and do not need such 
relativization, have the b urden of providing forceful exam ples. I 
know of no interesting ones myself. I take this point as no different 
than the point that the systematic formal concept of truth is relative to 
a model and not in any sense appropriate to reality taken straight.  
There is another and more interesting point raised in conversations 
on various occasions by Nancy Cartwright, Paul Holland, and others. 
It is that the full noti on of causality requires a sense of experimental 
manipulation. There are many ways of formulating the idea. Holland 
likes to say that, from  a statistical standpoint,  without random 
assignment of individuals to experimental groups an unim peachable 
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causal inference cannot b e made. My most immediate reply  is t hat 
ordinary talk and much scientific experience as well does not in a ny 
sense satisfy these conditions of experi mental design, that is, the 
causal claims that ar e made in ordinary  talk or in m uch of s cience 
have not arisen fro m well-designed experim ents but from quite 
different circumstances—in fact, from circu mstances in which no 
experiments have taken place and in many  cases are not possible. 
The great classical exa mple is celestial mechanics. From the time of 
the Babylonians to the present, we  have seen a variety  of causal 
theories to account for the  motion of the planets, the moon, and the 
stars. In the case of some terre strial phenomena that are not 
themselves directly subject to expe riment but for which an analy sis 
can be built up in terms of experimental data, we are faced wit h a 
rather more complicated decision about what we regard as proper 
extrapolation from experiment. In fact, one underhanded way to meet 
the objections raised by  Cartwright and Holland is t o point out that 
the use of scientific theories outside the experimental domain and the 
power of the  application of science depend u pon sustaining cau sal 
claims in nonexperimental settings . Are we to conduct experim ents 
on extendability in order  to establish a justification of  using the 
results of experiments in nonexperimental settings? It would not  be 
difficult to set up a straw man of infinite regress by literal pursuit of 
this line of thoug ht. My own view is that, rather than claim ing that 
only in experimental settings can  we really  make proper causal  
claims, we should formulate theorems that are applicable to  
experimental settings but not to ot hers. It seems to me one kind of 
theorem we might want to insist upon is that for ex periments whose 
theory of des ign is adequate we s hould expect to be able to prov e 
within a framework of explicit prob abilistic concepts that all pri ma 
fade causes are genuine. We would not expect such a theorem to hold 
in general in nonexperimental settings.  
 
Kreisel has pointed out to me that the general theory of causality is 
unlikely to be of much scientific significance once specific scientific 
theories are considered. Indeed, the interest of such theories is  to 
provide a testing ground for the co rrectness of the general notions. 
On the other hand, not only ordinary talk but much highly empirical 
scientific work does not  depend on a well-defi ned theoretical 
framework, and for these cases the ge neral theory of causality  can 
provide useful analytic concepts. 
 
Foundations of Psychology  
I have already  remarked on m y earliest experi mental work in  
psychology in connection with the test of various  concepts and 
axioms of decision theory. I shall not refer further to that work in this 
section. Because of my extensive work in psychology over the past 
two decades, I have organized my remarks under  four headings: 
learning theory, mathematical concept formation i n children, 
psycholinguistics, and behaviorism.  
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Learning theory  
Either in my last months as a graduate student at Columbia or shortly 
after my arrival at Stanford in the fail of 195 0—I cannot remember 
which—I developed m y first interest in learning  theory. As m ight 
easily be sur mised, it began with trying to understand the various 
works of Clark Hull, not only the Principles of Behavior (1943) but 
also the relatively unreadable work written earlier in collaborati on 
with the Yal e logician Fr ederick Fitch and others (Hull, Hovland,  
Ross, Hall, Perkins, & Fitch, 1940). Part of m y interest was 
stimulated by some very bright graduate students in psychology who 
attended my lectures in the philosophy of science. Probably the most 
influential was Frank Re stle. I wa s a member of his dissertat ion 
committee, but I am  sure I learned m ore psychology from him than 
he learned from me. My serious in terest in learning theory  began, 
however, in 1955 when I was a Fellow at the Center for Advanced  
Study in the Behavioral Sciences. Restle was there, but even more 
important for my future interest s was the presence of William  K. 
Estes. In his own and very different way, Estes has the kind  of 
intellectual clarity I so m uch admired in McKinsey  and Tarski. We 
began talking seriously about the foundations of sti mulus sampling 
theory, which really  began with Estes’ s classical paper (1950). It 
became apparent to me quite soon that stimulus sampling theory was 
from a conceptual and m athematical standpoint m uch more viable 
and robust than the Hullia n theory of learning. No really interesting 
mathematical derivations of experimentally testable results could be 
made from Hull’s axioms. The great virtue of sti mulus sampling 
theory was that with variation of experimental conditions new 
experimental predictions could be derived in an hon est way without 
the introduction of ad hoc parameters and with the h ope of detailed 
experimental test.  
 
Perhaps it will be useful to say  something more about the contrast 
between Hull’s theory and stimulus sampling theory. The mere use 
of mathematics and especially of mathematical symbols in a theory is 
no guarantee that any thing of m athematical or scientific interest is 
being done. In Hull’s th eory the feeling is too m uch that each  
experimental result, or almost each remark a bout an experiment, is 
being given a direct translation into m athematical symbols. In 
contrast, no powerful and si mple set of theoretical postulates from 
which specific results can be de rived, once initial  and boundary 
conditions are described , is ev en remotely approached. The 
translation from ordinary mathematical statements into the still more 
formal apparatus of mathematical logic as exemplified in the 1 940 
work of Hull and others cited above is still more mistaken if the only 
objective is a translation. One of the great lessons of logic in the 20th 
century is that for mal systems themselves as deduc tive instruments 
are not of as much conceptual importance as the mathematical study 
of properties of such s ystems, but it is precisely  the mathematical 
analysis of psy chological theory that is not even touched upo n in 
Hull’s work. Hull, on the  other hand, is in good c ompany in t his 
mistaken move. It has taken so me time for the situation to become  
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clarified as a result of the large body  of im portant work in 
mathematical logic and metamathema tics in this centur y. In Volume 
III of White head and Russell’ s Principia Mathematica (1913) a 
detailed theory of measurement is developed; but f rom a formal 
standpoint their results are elem entary, the notation is so forbidding 
and the welter of sy mbols so profuse that very little use has 
subsequently been made of the material.  
 
In order not to seem too dogmatic about this point, it is worth noting 
that the interest in the use of fo rmal systems has returned in ne w 
guise in the form of programming languages, but here the orientation 
is very different from that to be found, for  example, in Hull’s  
Mathematico-Deductive Theory of Rote Learning.  
 
In contrast to Hull’s theory, stimulus sampling theory works in a way 
very analogous to that of physical theories. The init ial probabilities 
of response correspond to initial cond itions in a phy sical problem, 
and reinforcement schedules correspond closely to boun dary 
conditions. The fruits of extensive collaboration with Estes in 19 55-
1956 did not appear until later. In fact, we have published onl y two 
articles together (l959e,  1974q). The first article appeared as a 
technical report in 1957 and the second one first appeared as a 
technical report in 1959. The collaboration with Estes in writing the 
two long technical reports, later condensed into sho rter papers, h as 
been one of my most satisfactory research efforts in psychology. In a 
genuine sense these two reports combined a concer n for axio matic 
foundations with a focus on new scientific results.  
 
While Estes and I were together at the Center, he introduced m e to 
his former graduate student, Richar d C. Atkinson, and we arranged 
for Atkinson to spend the following academic year at Stanford as a 
research associate. He and I undertoook an extensive series of 
investigations into the application of stimulus sampling t heory to 
two-person interactions. The initial fruit of this collaboration was my 
first experimental article in ps ychology (l958a). (Unlike most 
psychologists, I pu blished an experi mental book (l957b) before 
publishing an experimental article.) Atkinson an d I expanded t his 
first effort into an extensive series of st udies, which were published 
in our book, Markov Learning Models for Multi-person interactions 
(l960b). It was a great  pleasure to me to wor k in this ar ea of 
application of learning theory . It combined my fundamental interest 
in learning t heory with my earlier interest in game theory , and I  
found that I had a natural taste for elabo rate analysis of experimental 
data. (The book with Atkinson is much richer in data analysis and the 
testing of models than is the ear lier book with Davidson and Siegel.) 
I think I wor k best with s omeone like Atkinson, who is extremely  
well organized and very good at designing and running experiments. 
I like to get into the action when the analy sis of the data and the 
testing of theory are to be the focus. Working with Atkinson has the 
additional advantage that he is also an able theorist and has plenty of 
ideas of his own.  
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This was the period in w hich my theoretical interests in learning 
theory were flourishing. I also worked at this time on mathematical 
aspects of learning processes, particularly a study of their asy mptotic 
properties in collaboration with John Lamperti, who was the n a 
member of the mathematics faculty at Stanford. This work appeare d 
in two publications (1959h, l960i).  
 
I spent a fair amount of time on the generalization of learning theory 
to a continuum  of respo nses. The first step was t o generalize the  
linear model (1959b), and the second step was to generalize stimulus 
sampling theory (1960h). In col laboration with Raymond 
Frankmann, Joseph Zinnes, and la ter Henri Rouanet and Michael 
Levine, extensive tests of learning  theory for a contin uum of 
responses were made in publications between 1961 and 1964. With 
Jean Donio, who like Henri Rouanet was at that time a young Fre nch 
scientist working with me, I worked out the generali zation in another 
direction to a  continuous-time formulation of the theory . I am  still 
pleased with the character of this work. It took a certain am ount of 
mathematical effort to get  things straight, and some of the detail ed 
empirical predictions were quantita tively accurate an d surprising. It 
is especially in predicting something lik e the continuous distribution 
of responses that untutored intuition fails in providi ng anything like 
an accurate idea of what the results will be. The need of theory to 
make non-trivial predicti ons becomes especially evident. On  the 
other hand, I do not think that this work has had very much impact in 
psychology. The developments have not been f ollowed up i n the 
directions that could have led to more powerful results, but I do not 
think we were walking down a blind alley in this research effort. The 
kind of approach developed will almost surely turn out to be of use in 
several directions when a larger number of psychologists with strong 
mathematical training and quantitative empirical interests come onto 
the scene to study  the theory  of m otor skills and a variety  of  
perceptual phenomena in detail.  
 
Mathematical Concept Formation in Children 
In 1956 my oldest child, Patric ia, entered kinde rgarten and m y 
interests in applications were on ce again stimulated, in this ease to 
thinking about the initial learning of mathematical concepts by 
children. In collaboration with Newton Hawley, who was and still  is 
a member of the mathematics faculty at Stanford, we began t he 
following year, when our daughters were both in the first grade, the 
informal introduction of constructive geometry. At that time very  
little geometry was taught in the primary grades. A brief description 
of this first effort is to be f ound in Hawley and Suppes (1959g), but, 
more importantly, we went on t o write two textbo oks for prim ary-
grade students in geom etry, which ha ve since been translated into 
French and Spanish (1960c, 1960d).  
 
This practical interest in t he mathematics curriculum in the sch ools 
almost inevitably led to t rying to understand better how children  
learn mathematical concepts. Once again because of m y continued 
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collaboration with Estes, I was fort unate to get Rose Ginsberg, who 
was just completing a PhD at Indiana with Estes and C. J. Burke, to 
join me at Stanford as a r esearch associate with the express purpose 
of studying concept formation in children. This work resulted in  a 
number of publications with Gins berg (1962d, 1962e, 1963c) and 
also a nu mber of publications of my own, of which I mention 
especially my m onograph On the Behavioral Foundations of 
Mathematical Concepts, appearing in the Monograp h Series of the 
Society for Research in Child Development (l965e), and also my 
article on the sa me topic in the next year in the American 
Psychologist (1966g).  
 
In this work in mathematical concept formation in children, Ginsberg 
and I were concerned to apply, as directly  and as naturally  as 
possible, stimulus sampling theory to the learning of such concepts.  
We met with more success than I initially expected. The abilit y of 
relatively simple models of stimulus sampling theory to account for 
the learning of si mple mathematical concepts in great detail is , I 
think, a surprising fact and an important one.  
 
In 1960, 1 was finishing my textbook on axiomatic set theory and the 
question naturally arose of the re lation between the set-theoretical  
foundations of mathematics provided by Zermelo-Fraenkel set theory 
and the learning of mathematics by children. If  I had not been 
finishing that text-book at the time I might well not have embarked 
upon a number of the experim ents that Ginsberg and I undertoo k to 
test the formation of elementary  concepts about sets—for example, 
identity and equipollence—as  well as elementary geometrical 
concepts. A practical fruit of these investigations was the undertaking 
of a new series of elementary  mathematics textbooks entitled Sets 
and Numbers, which was published over several years in the sixties.  
In recent y ears the interes t in ma thematical concept formation has  
melded into m y work on com puter-assisted instruction, whic h I 
discuss in a later section.  
 
Psycholinguistics  
Another natural area of application of stimulus sampling theory is 
language learning. Again I was fortu nate to get another former 
student of Estes and Burke fro m Indiana, Edward Crothers, to join  
me as a research associ ate at Stanford. We undertook a s ystematic 
series of experiments in second-language learning; this effort led to 
several publications but especially to a book in 1967, Experiments in 
Second-language Learning, which re ported a large num ber of 
investigations on various elementary aspects of learning Russian.  
At the same time, given my philosophical inclinations and training, it 
was natural for me to beco me interested in the br oader range of 
controversies in psycholinguistics. To some extent the first chapter of 
the book wi th Crothers su mmarizes the kind of  attack on the 
problems of language learning t o be expected from a behavioral 
standpoint. I also attempted in the writing of this chapter to provide a 
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partial answer to the many  criticisms that were being made of 
behavioral theories by psycholinguists.  
 
Two years later I published a more thoroughly worked out answer in 
my article ‘Stimulus-Response Theory of Finite Automata’ (1969 g). 
In this article I showed that fro m simple principles of conditioning 
one could ob tain the kind of langua ge behavior of which a finite 
automaton is capable. I made no a ttempt to rel ate the theoretical  
developments to the detailed and s ubtle learning that takes place in a  
child, but rather argued that the presumed theoreti cal limitations of 
stimulus-response theory were misunderstood by a num ber of 
linguistically oriented critics. I have continued to be involved in this 
controversy and some of my most recent articles are concerned with 
it (l975b, l977d).  
 
I have emphasized in my writings on this subject that the challenge 
to psychological theory made by linguists to pr ovide an adeq uate 
theory of la nguage learning m ay well be regarded as the most 
significant intellectual challenge to  theoretical psy chology in this 
century. At the presen t time numerous difficult problem s of 
providing a completely adequate sc ientific theory of language 
learning and language performance are enough to  make even the 
most optimistic theorist uneasy. In very developed areas of science or 
mathematics, it is fam iliar to find t he statement made that cert ain 
kinds of problems are simply far beyond the resources currentl y 
available but that cert ain more restricted problems are amenable to 
serious attack and likely  solution. For example, in quantu m 
chemistry there is, with present intellectual and com puting resources, 
no hope of making a direct attack on the behavi or of com plex 
molecules by beginning with the first p rinciples of quantum theory. 
A problem as easy to form ulate as that of deriving from  first 
principles the boiling po int of water under normal atm ospheric 
pressure is simply beyond solution at the prese nt time and is 
recognized as such. Within mathem atics there are classical op en 
problems in ele mentary number theory, group theory , differential 
geometry, and in fact al most any developed branch of mathematics. 
Psycholinguistics will be a far ha ppier and more productive subject 
when the same state of developed theory has been reached. A frontal 
attack on the problem of giving a complete analysis of the speech of 
even a three-y ear-old child is cer tainly outside t he range of o ur 
conceptual tools at the present time. What se ems essential is to 
recognize this fact and to dete rmine the appropriate range o f 
significant yet possibly solvable problems that should be studied.  
One approach that has already  been fruitful and will be significant in 
the future is the attem pt to write com puter programs that can 
understand and learn a natural language. Such ent erprises must at 
present be restricted to a small fragment of a natur al language, but 
the thorough investigation of such  small frag ments seems to me a 
promising arena for making progress in the way that is characteristic 
of other domains of science. I do n ot mean to suggest b y this that 
study of natural language should be restricted to com puters—
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certainly not. There will continue t o be a significant and im portant 
accumulation of fact and theory  about the language learning of 
children. Our understanding of these matters will deepen each y ear, 
but what is not yet clear is the direction theor y will take so as to be  
adequate to the lim ited domains of understanding we master. I 
recognize the inadequacies from an empirical standpoint of what can 
presently be said about language l earning within a stimulus-response 
framework or a more sophisticated version of S-R theory in terms of 
procedures and internal data stru cture, but I also believe in 
emphasizing the theoretical thinness of  any of t he proposals about 
learning that come from the linguistic side of psy cholinguistics. In 
fact, practically none of the ideas originating from  linguistics about 
language learning has been sufficien tly developed i n a sy stematic 
fashion to permit any sort of theorem, asymptotic or otherwise, to be 
proved.  
 
Some may say that it is sc arcely required of an e mpirical theory that 
it be precise enough  to permit the prov ing of asymptotic theorems, 
but in the present context it seems to me an important consideration. 
The actual empirical phenomena are too complicated for any one 
coming at them fro m any theoretical viewpoint to provide a detaile d 
account. One test of a theoretical prop osal is whether its structure is 
rich enough to permit in principle the  learning of language as the 
amount of exposure or e xperience goes to infinit y. A good recent 
effort in this direction that does permit a theorem to be proved,  even 
if the concept of meaning underl ying the theory is not at all realistic, 
is to be found in Hamburger and Wexler (1975)—and I am pleased to 
claim Wexler as a former doctoral student of mine.  
 
Toward the end of this period in the sixties I also got involved in the 
detailed empirical study of children’s first language. The initial work 
in this area was in the constr uction of probabil istic grammars 
(1970b) followed by the c onstruction of model-theoretic semantics 
for context-free fragments of natural la nguage (l973e). I have been  
especially skeptical of the semantical concepts used by linguists. The 
long and deep tradition of semantical analy sis in logic and 
philosophy provides, in my judgment, a much sounder basis for the 
analysis of the semantics of na tural language. In m y address as 
recipient of the American  Psychological Association Distinguished 
Scientific Award in 1972, I tried to la y out the virtues of the model-
theoretic approach to the semantics of children’s speech (1974m). 
This is an issue that is still before us, and it would be too easy for me 
to enter into the substant ive debate in this essay . I cannot refrain, 
however, from a few remarks.  
 
The concept of meaning has a much longer history in philosophy and 
logic than it does in psychology or in linguistics. It is possible to 
begin the p hilosophical story with Ari stotle, but Fr ege and Tarski 
will do as modern points of departure. The im portant thrust of t his 
work has been to descr ibe how the m eaning of a sentence is to be 
built up from the meaning of its parts. In Tarski’s case this takes t he 
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form of giving an ex plicit recursive definition of truth. One of  the 
reasons for the large di sparity between this de veloped logical 
literature and what goes under the heading of meaning in 
psycholinguistics is, I believe, th e concern in psy cholinguistics 
primarily for the meaning of indivi dual words. In Roger Brown’s 
recent book (1973) he talks a good deal about the meanings of 
individual words and even about the meaning of im peratives, but 
what he does not really face at any point is the Fregean task of trying 
to understand how the meaning of  a com plex utterance is built up 
from the meaning of its parts. Without this there can be no serio us 
theory of m eaning, and until t his is thoroughly recognized by  
psycholinguists I am skeptical that a satisfactory psy chological 
theory of meaning for use in studying the first language of children 
can be developed.  
 
I have undertaken additional large-scale empirical work on children’s 
language in collaboration with my former students, Dr. Robert Smith 
and Dr. Elizabeth Macken, as well as wi th Madeleine Léveillé of the 
Laboratory of Experimental Psychology in Paris. T he first fruits  of 
this collaboration are to be found in the reports by  Léveillé, Smith, 
and me (1973g; l97 4t), and in two recent articles, one with Macken 
(l978f) and one by me (in press—b).  
 
Of all my work in psycholog y, that concerning the sy ntax and 
semantics of children’s first language has had the cl osest relation to 
broad issues that are current in philosophy, and for this reason alone I 
expect my interest to continue unabated. I have more to say on these 
matters in the section on philosophy of language.  
 
Behaviorism  
In spite of my recent interest in psy cholinguistics I have certainly 
been identified in psy chology with behaviorism, and I have written  
several philosophical pieces in defense of behaviori sm. It should be 
clear from many other things I have  to say in this essay that I do not 
believe in some Skinnerian form  of behavioristic reductionism . In 
fact, the kind of m ethodological behaviorism, or what I have 
sometimes labeled neobehaviorism, I advocate is an tireductionist in 
spirit, and wholly compatible with mentalistic concepts. The central 
idea of methodological behaviorism is that psychology as a science 
must primarily depend on behavioristic evidence. Such evidence is  
characterized in terms of stimuli and responses described in terms of 
psychological concepts. It is cert ainly possible to ask fo r 
physiological and, indeed, physical or chemical characterizations of 
both stimuli and responses. In so me kinds of work, characterization  
of stimuli at a ph ysical level is highl y desirable, as for exam ple in 
some detailed studies of  visual perception.  On th e other hand , I 
strongly believe that a reduction of ps ychology to the biological or 
physical sciences will not occur and is not intellectually feasible. I 
am not happy with leaving the statemen t of my views at this level of 
generality, and I consider it an  intellectual responsibility of 
methodological behaviorists like myself to reach for a deeper and  

27



more formal statement of this antireductionist pos ition. What are 
needed are t heorems based on currently  reasonable assu mptions 
showing that such a red uction cannot be m ade. I think  of su ch 
theorems as being formulated in the spirit in which theorem s are 
stated in quantum mechanics about the impossibility of deterministic 
hidden variable theories. 
 
Given my earlier work, as reflected for  example in my paper on the 
stimulus-response theory of finite aut omata (1969g), it m ay seem 
paradoxical for me to be arguing for such impossibility theorems, but 
the thrust to develop a psychological theory of computable processes 
is to be understood as an effort to bring the theory  of language and 
other complex psychological phenomena within the framework of 
methodological behaviorism. 
 
As I have argued more than once in the past, stim ulus-response 
theory of behavior stands in relation to the whole of  psychology in 
much the sa me way that set theory stands to the whole  of 
mathematics. In principle it offers an appealingly simple and rigorous 
approach to a unified foundation of psychology. It is worth 
examining the extent to which a st imulus-response ‘reduction’ of the 
rest of psychology is feasible. The first difficulty  is that most of the 
other parts of psychology are not formulated in a sufficiently general 
and mathematical form, contrary to the cas e of mathematics where 
what was to be defined in set-theoretical ter ms already had a  
relatively precise characterization. Because I am not persuaded that  
the reductionistic approach is of m uch interest at the present tim e, I 
turn to stimulus-response theory itself and its internal difficulties. 
Although I shall not enter into the t echnical details here it is not 
difficult to show that given an arbitrary Turing m achine a stimulus-
response model of behavior with onl y simple principles of stimulus 
sampling, conditioning and reinforcement operating can be 
constructed that is asy mptotically (in time) isomorphic to the Turing 
machine. The tape of the machine is represented by some potentially 
infinite sequence of responses, for example, responses to t he 
numerals as stimuli. From this asymptotic representation for any 
Turing machine, we can  construct a universal stim ulus-response 
model corresponding to a uni versal Turing machine that will 
compute any partial recursive function . Thus in  principle we can 
claim the adequacy of stimulus-response theory to give an account of 
the learning of any  computable process, and presumably any human 
cognitive or affective behavior falls within this context.  
 
From a sufficiently general philosophical viewpoint this stim ulus-
response representation of any behavior no matter how complex is of 
some interest. It shows, just as does the representation of all of 
classical mathematics within set th eory, how sim ple the prim itive 
concepts of a powerful theory  can be when there is no severe 
limitation on the means of construction. In  particular the 
representation provides a n abstract reduction of a ll concepts of 
behavior to the simple set required for the form ulation of stimulus-
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response theory, but the word abst ract needs e mphasis because we 
certainly have no idea how to carry ou t the actual r eduction of most 
interesting behavior.  
 
The basic representation of a universal Turing machine by a 
stimulus-response model brought to isomorphism at asymptote 
requires learning procedures that consist onl y of conditioning and 
change of conditioning of  responses to  given stimuli. But there i s a 
severe weakness of these asymptotic results. Nothing is said about 
the learning rate. To match human performance or to be of real 
conceptual interest, the l earning of appropriately simple concepts 
must not be too slow. Take the case of first-language learning in the 
child, for instance. A rather extravagant upper bou nd on the number 
of utterances a child has heard by the age of five is ten m illion. A 
learning rate that requires three orders of magnitude of exposure 
beyond this i s not acceptable from  a th eoretical standpoint, but t he 
highly simplified inadequate representation of  the genetically 
endowed structures and functions the child bri ngs to the task  is 
evident. A richer theory is require d to deal with them , but almost  
certainly there will be no fully satisfactory theory developed at any 
time in the foreseeable future.  
 
Philosophy of Language 
I have already said som ething about my interest in  language in the 
section on psycholinguistics. Much but not all of my formal work on 
the theory of language ha s been related to psycholinguistics. Some 
overlap of the earlier section will be inevitable, but I concentrate here 
on the work that is m ore or less independent of ps ycholinguistics. 
My paper on model-theoretic semantics for context-free fragments of 
natural language (I973e) was partly  generated by thinking about 
children’s language but also by the formal problem  of putting 
together the kinds of grammar that have become current in linguistics 
and computer science with the kind of model theory familiar in logic. 
The general approach has been anticip ated by Knuth (1968) but he 
had not bro ught to the surface the model theory, and I did not 
become aware of his paper until I had w orked out the essentials. My 
paper was first circulated as a technical report in 1971, and the ide as 
were applied with great thoroughness and extended by Robert Smith 
in his dissertation (1972), written under my direction. The bas ic 
philosophical point is that we can provide a standard model theory 
for context-free fragments of English directly without any recourse to 
the model theory of first- order logic. Because of my conviction that 
this can be done easily  and naturally, I have continued to argue for 
the inappropriateness of first-order (or second-order) logic as an  
analytical tool for the study  of the semantics of natural language. I 
summarize some of the further deve lopments in later papers. Before 
doing so I want to note that the re striction to context-free gra mmars 
is not essential. One can work out a correspondin g model-theoretic 
semantics for transformations that map trees into trees in the standard 
linguistic fashion, but because there is a great deal of work  to be 
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done just within a context -free framework I have not worked out 
many details from a wider perspective.  
 
In my address (1973b) as outgoi ng president of the Pacific Division 
of the American Philosophical Association, I  applied th ese 
semantical ideas to develop a general notion of congruence of  
meaning. I characterized this vi ew as a g eometrical theory of 
meaning because I developed the viewpoint that dif ferent weak and 
strong notions of congruence are appropriate to catch different senses 
of ‘identity’ of meaning. Moreover, it seemed to me then and it still 
seems to me that there is m uch to be learned fro m geometry about 
the concept of congruence and the re lated concept of invariance that 
is applicable to the theory of meaning. We have long ago abando ned 
the idea of o ne true theory of geometry; we should do the same for 
meaning.  
 
The most important idea in the pape r is to tie closely together t he 
notion of co ngruence of meaning and the parti cular syntactical 
structure of expressions. Without such an explicit use of sy ntax I am 
deeply skeptical that any  satisfactory general theory of meaning can 
he found. In particular, the features of similarity of meaning between 
two expressions seem to me lost in a ny translation into first-order 
logic, and just for this reason I am  doubtful of the appropriateness of  
the standard notions of logical form . In fact, I suppose m y view is 
that there is no serious notion of l ogical form separate from the 
syntactic form of an expression itself.  
 
On the other hand, I accept as of great importance the crude notion of 
congruence characterized by logical equivalence of expressions. This 
extensional concept of congruence is the robust and stable o ne 
needed for m uch scientific and mathematical work. Of course, for 
most systematic contexts a weaker notion of equivalence is used, one 
in which the notion of consequence is broader than that of log ical 
consequence, because of the as sumption of various background 
theories—all of classi cal mathematics in the case  of phy sics, for 
example.  
 
There is a point concerning identity of meaning that I did not develop 
explicitly enough in that address. In geometry we have a clear notion 
of identity for geom etrical figures but it is not a notion that receives 
any real use compared to the importance of the notion of congruence 
for the particular geometry  under study. It seems to me that this is 
very much the case with meaning. I am  not unhapp y with a very  
psychological approach to meaning that takes the meaning of a ter m 
to be unique at a given time and place to a given in dividual. Thus in 
crude terms the meaning of a proper name in this sense might well be 
taken to be t he set of internal programs or procedur es by which the 
individual that uses or recognizes the proper name attaches properties 
or relations to the o bject denoted by the pr oper name. These 
procedures or programs internal to a particular language user are 
private and in detailed respects idiosyncratic to him . The appropriate 
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notion for a public theory of meaning is a notion  of congruence that 
is considerably weaker than this ver y strong sense of  identity. If the 
viewpoint I am expres sing is near  the t ruth, the search for any hard 
and fast sens e of identity of m eaning is a mistake. It rests hidden  
away in the internal progra mming of e ach individual. What we are 
after are congruences that can co llapse these private features acr oss 
language users to provide a public and stable notion of meaning.  
 
In fact, this  way of looking at the matter is in a m ore general 
philosophical way very satisfying to me. I have come to be skeptical  
of the long philosophical tradition of looking for various kinds of 
bedrocks of certainty , whether in epistem ology, logic, or ph ysics. 
Just as the natural notion of a person is not grounded in any hard and 
definite realization, and c ertainly not a physical one because of th e 
continual fluctuation of the molecules that compose the body of the 
person, so it is with the meaning of expressions. In terms of what I 
have just said about an ultimately psychological theory of meaning at 
the deepest level, I also disagree with Frege’s attempt to separate in a 
sharp and absolute fashion logic from psychology. 
 
From a formal standpoint , my work on the sem antics of natural 
language has recently  taken a more radical turn. I now believe that  
the semantics of a significant frag ment of ordinary language is most 
naturally worked out in a framework that is an extension of relational 
algebras as developed earlier by Tarski, McKinsey, and others. 
Moreover, the notation for the semantics is variable free, using onl y 
constants and operations  on consta nts, for exa mple, taking the 
converse of a relation, the im age of a set under a relation, etc. In a 
recent paper (1976c) I work out the details of such an approach to the 
standard quantifier words, whether in subject or object position. Such 
a view runs against the tide of looking upon quantification theory in 
first-order logic as one of the prim e logical features of natural 
language. But as has b een known im plicitly since the time of 
Aristotle, much natural language can be expressed  within Bool ean 
algebra and it is not a large step  from Boolean algebras to relational 
algebras of various sorts. One of the points of m y 1976 paper is to  
prove that if  we use the standa rd linguistic parsing that m akes 
quantifiers part of noun phrases—so that we treat  all men in the 
sentence All men are mortal as being a simple noun phrase and have 
a tree struct ure that reflects this—th en it is not possible under  
obvious and natural conditions to ha ve a Boolean sem antics of the 
sort that has been fam iliar for a hundred years for such utterances. 
The previous history of Boolean se mantics did not e mphasize that 
the syntax and sem antics had to go together. Th e proof of the 
theorem depends upon  this intimate marriage of model-theoretic 
semantics and context-free grammars. The line of extension to 
quantifiers in object pos ition brings in relational algebras in an  
obvious way, but the elimination of an y quantifier notation in the 
underlying semantical notation is based on the same concept as in the 
case of quantifiers in subject position.  
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This same framework of ideas is  developed in considerable detail i n 
a paper on attributive adjectives, p ossessives, and intensifying 
adverbs, by Macken and me (l978f). The full set of subtleties to be 
found in the ordinary use of adjectives,  possessives, and adverbs is 
beyond the com petence of any theory to handle com pletely at the 
present time. I do think we make a r easonable case for the kind of 
model-theoretic semantics without variables that I ha ve described as 
providing a more detailed and intuitive semantical analysis than any 
of the theoretical approaches previously published. 
 
In a paper I am  just no w finishing I go on to consider logical 
inference in English. To  my surprise I have been able to find 
practically no papers dealing with such inferences in a direct fashion. 
The reason for the absence, I suppose, is the slavish adherence to 
first-order logic in too much of the tradition of semantical analysis of 
natural language. A semantics that f its more hand in glove with the 
syntax of the language is required to generate the proper feeling for 
rules of inference, even  though, as  a technical tour de force, 
translation back and forth into a formal language is possible.  
 
My own program of research in the philosophy of language is firmly 
laid out in broad outline, if not in  all details. I want to understand in 
the same way I believe I now unde rstand quantifier words the many 
other common function words in English. I have already spent some 
time on the definite article and the possessive prep osition of and I 
would like to do the sam e for the other high-frequency prepositions 
like to, in, for, with, on, at, by, and from—I have listed these 
prepositions in their or der of frequen cy of occurrence in a large 
corpus collected b y Kucera and Francis (1967). Th e frequency of 
these simple prepositions is am ong the highest of any  words in 
English but t heir semantical theory  is as y et in very  unsatisfactory 
state. Detailed analy sis of their semantics is undoubtedly too 
empirical a problem for many philosophers deeply interested in 
language. I do not know whose work it is supposed to be—perhap s 
the empirical flavor of it see ms antithetical to what philosophy 
should be like—but my own empirical bent in philosophy is nowhere 
more clearly reflected than  in my attitude toward the philosophy of 
language. I do not think it is the only task, but for me it is a primary 
task, to provide a for mal analysis that is faithful to at least the main 
function words in English when used  in a serious and sy stematic 
way—I would of course like to have a theory for all possible uses but 
that seems out of reach at the present time. Frege himself had little to 
say about such matters and seemed rather suspicious of natur al 
language as a vehicle for communicating exact thoug hts. This same 
Fregean attitude has continued to hold an im portant place in the 
philosophy of language, but it should be apparent that I consider this 
aspect of Fregean philosophy a clear and definite mistake. I can think 
of no more appropriate t ask for philosophers of la nguage than to 
reach for an exact and complete understanding of t he prepositions I 
just mentioned, quantifier words, the tenses of simple verbs, and the 
like. As long as there is one definite intuitive usage that rem ains 
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semantically unanalyzed, we have not completed the main task of 
any semantical theory  of language. I do want to em phasize how 
complex and subtle I consider this  task to be. I am  sure it will 
continue to b e an active topic in phil osophy a hun dred years from 
now.  
 
Education and Computers 
In the sectio n on mathematical concept form ation in children I 
mentioned the beginning of my interests in education in 19 56 when 
my oldest child, Patricia, entered kindergarten. I cited there the w ork 
in primary-school geometry. An effort, also noted but briefly, th at 
was much more sustained on m y part was wo rk in the basic 
elementary-school mathematics curriculum. This occupied a f air 
portion of my time between about 1956 and the middle of the sixties 
and led t o publication of a basic elementary -school mathematics 
textbook series, Sets and Numbers, which was one of the m ore 
radical of the ‘new math’ efforts. Unlike many of my colleagues in  
mathematics and science who became interested in school curriculum 
after Sputnik, I had a genuine interest in the psychological and 
empirical aspects of learning and a traditional inter est in knowing 
what had been done before.  
 
When I began working o n the foundations of physics after graduate 
school, I was shocked at t he absence of what I woul d call traditional 
scholarship in the papers of ph ilosophers like Rei chenbach that I  
read, or even more of physicists who turned to philosophical matters 
such as Bridgman and Cam pbell. There was little or no effort to 
know anything about the previous serious work in  the field. I fo und 
this same attitude to be true of  my colleagues from the sciences who 
became interested in education. They had no desire to know anything 
about prior scholarship in education. 
 
I found I had a real taste for the concrete kinds of questions that arise 
in organizing a large-scale  curriculum activity. I shall not atte mpt to 
list all the aspects of this work here, but since, beginning i n the mid-
fifties, I have written a lar ge number of resear ch papers concerned  
with how students learn elem entary mathematics and I have had a 
fairly large number of students from  education or  psychology write 
dissertations in this area. Most of the work in the last dec ade or so 
has been wi thin the context of co mputer-assisted instruction, to 
which I now turn.  
 
Computer-assisted Instruction  
In the fall of 1962, on the basis of conversations with Lloyd 
Morrisett, Richard Atkinson and I subm itted a proposal to the 
Carnegie Corporation of New York  for the co nstruction of a 
computer-based laboratory dedicated to the investigation of learning 
and teaching. The propos al was funded in January 1963 and t he 
laboratory began operation in the latter part of that year as computing 
equipment that was order ed earlier in the year arrived and wa s 
installed. The laborator y was initia lly under the  direction of an 
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executive committee consisting of Atkinson, Estes, and m e. In 
addition, John McCarthy of the Department of Computer Science at 
Stanford played an important role in the design and activation of the 
laboratory. In fact, the first co mputer facilities were shared with  
McCarthy and his group. 
 
From a research standpoin t, one of  my own strong  motivations for 
becoming involved in computer-assisted instruction was the 
opportunity it presented o f studying subject-matter learning in the 
schools under conditions approxim ating those that we ordinarily 
expect in a psy chological laboratory. The history of the first fiv e 
years of this  effort, thro ugh 1968, has been described in gr eat 
detail—probably too m uch detail for most readers—in two books 
(l968a, l972a) and in a large number of articles. I shall restrict myself 
here to a few general comments.  
 
To some extent those initial hopes have been realized of obtaining 
school-learning data of the sort one ex pects to get i n the laboratory. 
Massive analyses of data on ele mentary-school mathematics have 
been presented in m y own publicat ions, including the two books 
listed above, and a comparable body of publications has issued from 
the work of Atkinson and his coll eagues on initial r eading. My own 
experience has been that  even a subject as r elatively simple as 
elementary-school mathematics is of unbounded complexity in terms 
of understanding the underlying psychological theory of learning and 
performance. Over the past several years I have  found m yself 
moving away from the kind of framework that is provided  by 
stimulus sampling theory and that has been so attractive to m e for so 
many years. The new id eas are more cognitive in charact er and 
organized around the concept of procedures or programs as 
exemplified, for instance, in a sim ple register machine, that is , a 
simple idealized computer with a certain number of registers and a 
small, fixed number of instructions (1973c). I think that the ideas of 
stimulus sampling theory still have importance in t erms of learning, 
even in the context of such procedures or programs, but certainly 
there is a shift in conceptual interest c haracteristic not only of my 
own work but also of t hat of a great many psychologists originally 
devoted to learning.  
 
One of my initial interests in co mputer-assisted instruction was th e 
teaching of logic at the el ementary-school level and subsequentl y at 
the college level. Once co mplexity of this l evel is reached,  
psychological theory is in a more difficult spot in terms of providing 
appropriate conceptual to ols for th e analysis of st udent behavior. 
Currently my work in computer-assisted instruction is almost entirely 
devoted to university-level courses, and we are struggling to 
understand how to analy ze data fro m the sorts of p roofs or logi cal 
derivations students give i n the first logic course or in the course in  
axiomatic set theory that follows it.  
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Although there are many questions about the psy chology of learning 
and performance in elementary -school mathematics that I do n ot 
understand, still I feel that I have a relativel y deep conceptual gra sp 
of what is g oing on and how to t hink about what students do  in 
acquiring elementary mathematical skills. This is not at all the c ase 
for skills of logical inference or  mathematical inference, as 
exemplified in the two college-level courses I have mentioned. We 
are still floundering about for the right  psychological framework in 
which to in vestigate the com plete behavior of s tudents in t hese 
computer-based courses.  
 
There are other psychological and educational aspects of the work i n 
computer-assisted instruction that have attracted a g ood deal of my 
attention and that I think are wo rth mentioning. Perhaps the m ost 
important is the extent to which I have been drawn into the problems 
of evaluation of student performance. I have ended up, in association 
with my colleagues, in try ing to conceive and te st a num ber of 
different models of evaluation, especially  for the evaluation of  
performance in the basic skills of mathematics and reading in t he 
elementary school. Again I will not try to survey the various papers 
we have published except to mention the work that I think is 
probably intellectually the most interesting and which is at  the 
present time best reported in Suppes, Fletcher, and Zanotti(1976f), in 
which we in troduce the concept of a student trajectory . The first 
point of the model is t o derive from qualitative assu mptions a 
differential equation f or the motion of students thr ough the cou rse, 
initially the drill-and-practice supplementary  work in elementary 
mathematics given at computer terminals. The constants  of 
integration of the differential equa tion are indiv idual constants of 
integration, varying for individual students. On t he basis of the 
estimation of the constants of integr ation we have been able to get 
remarkably good fits t o individual trajectories throu gh the 
curriculum. (A trajectory is a function of time, and the value of the 
function is grade place ment in the course at a gi ven time.) The  
development of these ide as has taken me back to ways of thinking 
about evaluation that are close to m y earlier work in  the foundations 
of physics.  
 
Research on com puter-assisted instruction has also provided the 
framework within which the larg e-scale empirical work on first-
language learning in c hildren has taken place. Without  the 
sophisticated computer facilities available to me at Stanford it would  
not have been possible to pursue these matters in such detail and on 
such a scale.  Even more essentially, the presence of a sophisticated  
computer system in the Institute for Mathematical Studies in t he 
Social Sciences has led to the computer-based approach to the 
problems of language learning and performance mentioned earlier. 
One of our objectives for the future is to have a m uch more natural 
interaction between student and computer program in the co mputer-
based courses we are concerned with. Out of these  efforts I believe 
we shall also come to a deeper understanding of  not onl y how 
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computer programs can best handle language but also how we do, in 
fact, handle it. (Part of this search for nat uralness has led to intensive 
study of pros odic features of spoken speech and how to reproduce 
them in computer hardware and software.)  
 
I have not yet conveyed in any vivid sense the variety  of conceptual 
and technical problems of co mputer-assisted instruction that I ha ve 
tried to deal with in collaboration with  my colleagues since 1963.  
This is not the place to  undertake a sy stematic review of th ese 
problems, most of which  have been d ealt with extensively  in other 
publications. I do, however, want to co nvey the view that the be st 
work is y et to be done and will require solution of form idable 
intellectual problems. The  central ta sk is one well  described by  
Socrates long ago in  Plato’s dialogue Phaedrus. Toward the end of 
this dialogue, Socrates emphasizes that  the written word is but a pal e 
image of the spoken; the highest form of intellectual discourse is to 
be found nei ther in written works or prepared speeches but in t he 
give and take  of spoken argum ents that are based on knowledge of 
the truth. Until we have been able  to reach the standard set by  
Socrates, we will not have solv ed the deepest problems in t he 
instructional use of com puters. How far we shall be able to go in 
having computer programs and accomp anying hardware that permit  
free and easy spoken i nteraction between the learner and the 
instructional program is not possible to forecast with any  reasonable 
confidence, for we are too far from  yet having solved simple 
problems of language recognition and understanding.  
 
At the present ti me we are only  able to teach  well skills of 
mathematics and language, but much can be done,  and it  is my 
conviction that unless we tackle the problem s we can currently  
handle we will not m ove on to de eper solutions in the future. 
Because I a m able to tea ch all my own undergraduate courses i n a 
thoroughly computer-based environment, I now have, at the time of 
writing this e ssay, the largest te aching load, in ter ms of number of 
courses, of any faculty member at Stanford. During each term I offer 
ordinarily two undergraduate c ourses, one in logic and one in 
axiomatic set theory, both of which are wholly  taught at com puter 
terminals. In addition, I offer either one or two graduate seminars. As 
I have argu ed elsewhere on sever al occasions, I fores ee that 
computer technology will be one of the few means by which we can  
continue to offer highl y technical and specialized courses that 
ordinarily draw low enrollment, because of the budgetary  pressures 
that exist at all Am erican universities and that will continue 
unremittingly throughout the remainder of this century. Before I am 
done I hope to add ot her computer-based courses in relatively 
specialized areas, such  as the foundat ions of probability and t he 
foundations of measurement. The enrollment in one of these courses 
will ordinarily consist of no more than five students. I shall be able to 
offer them only because I can offer them simultaneously. My vision 
for the teaching of p hilosophy is th at we should use the new 
technology of computers to return to the standard of dialogue and 
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intimate discourse that has such a long and honored tradition in 
philosophy. Using the technology appropriately for prior preparation, 
students should come to seminars ready to talk  and argue. Lectures 
should become as passé as the recitation methods of earlier times 
already have.  
 
In 1967, when co mputer-assisted instruction was still a very  new 
educational technology, I organi zed with Richard  Atkinson and 
others a small co mpany, Computer Curriculum Corporation, to 
produce courses in the basic skills that are the main focus o f 
elementary-school teaching. In retrospect it is now quite clear that we 
were ahead of our times and were quite lucky to survive the first five 
or six years. Since about 1973 the company has prospered, and I have 
enjoyed very much my part in that developm ent. I find that the kind 
of carefully thought out and tough decisions required to keep a small 
business going suits my temperament well.  
 
I have not  worked in  education as a philosopher.  I have pu blished 
only one paper in the philosophy of education and read a second one, 
as yet unpublished, on the aims of education, at a bicentennial 
symposium. Until recently I do not think I have had any  interesting 
ideas about the philosophy  of education but I am  beginning to thi nk 
about these matters more intensely and expect to have more to say in 
the future.  
 
Philosophy and Science  
From the standpoint of r esearch I think of m yself primarily as a 
philosopher of science, but to a degree t hat I think is unusual among 
professional philosophers I have had o ver the perio d of my career 
strong scientific interests. Much of this scientific activity could not in 
fact be justified as being of any  direct philosophical interest. But I 
think the influence of this scientific work on my philosophy has been 
of immeasurable value. I sometimes like to describe this influence in 
a self-praising way by claiming that I a m the only genuinely 
empirical philosopher I know. It is surp rising how little concern for 
scientific details is to be found in the  great empirical tradition in 
philosophy. It has become a point with  me to cite sci entific data and 
not just scie ntific theories whenever  it seems pertinent. I recen tly 
made an effort to find a ny instances in which John Dewey  cited 
particular scientific data or theories i n his voluminous writings. 
About the onl y place that I found a nything of e ven a partially 
detailed character was in the early psychology textbook written in the 
19th century. When it com es to data, almost the same can be said of 
Bertrand Russell. It is especially  the case that data from  the soci al 
and behavioral sciences are seldo m used in any  form by 
philosophers. In m y monograph on causality  (1970a) I deliberately 
introduced detailed data from psychological experiments to illustrate 
some subtle points about causality. In a recent paper on distributive 
justice (1977a) I went so far as to calcu late Gini coefficients for the 
distribution of salari es at the various professorial ran ks at Stanfor d 
and several other universities.  
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Set-theoretical Methods.  
One of the positions in t he philosophy of science f or which I am 
known is my attitude toward formalization. In various papers I have 
baptized this attitude with the slogan "to axiom atize a scientific 
theory is to define a set-theoretical predicate." A large number of my 
papers have used such methods, and I continue to  consider them 
important. I should make clear that I am under  no illusion that in any 
sense this method originated with m e. My distinctive contribution 
has been to push for t hese methods in dealing with em pirical 
scientific theories; the methods th emselves have been widely us ed 
and developed in pure mathematics in this century. To a large extent, 
my arguments for set-th eoretical methods are meant to b e a 
constructive criticism of the philosophical tendency to restrict formal 
methods of analy sis to what can be do ne conveniently within first-
order logic.  
 
I do not thin k of set-theoretical methods as providing an y absolute 
kind of clarity  or certainty  of results independent o f this particu lar 
point in t he history of such matters. They  constitute a powerful 
instrument that permits us to comm unicate in a reaso nably objective 
way the structure of important and complicated theories. In a broa d 
spirit they represent nothing really new; the axiomatic viewpoint that 
underlies them was developed to a sophisticated degree in Hellenistic 
times. Explicit use of such methods  provides a satisfactory  analysis 
of many questions that were in the past left vaguer than they  need to 
be. A good example would be their use in the theory of measurement 
to establish appropriate isomorphic relations between qualitative 
empirical structures and numerical structures.  
 
The many recent results in the foundations of set theory showing the 
independence of the continuum hypothesis and related assertions are 
reminiscent of what happened in geometry with t he proof of the 
independence of the parallel postulate . But, as Kreisel has repeatedly 
urged, the parallel postulate is in dependent in second-order 
formulations of geometry having a strong continuity axiom, whereas 
the continuum hypothesis is not independent i n second-order 
formulations of set theory. The great  variety of recent results in  the 
foundations of set theory have not re ally affected the usefulness of 
set-theoretical methods in the analysis of problems in the philosophy 
of science, and I am  certain such methods will continue to be 
valuable for many years to come.  
 
At one time I might have been upset by the prospect of moving away 
from set-theoretical methods to other approaches, for exam ple, the 
kind of d eeply computational viewpoint characteristic of 
contemporary computer science, but now I see such developm ents as 
inevitable and indeed as healthy  signs of change. It seems likely that 
the theory of com putation will be much more fundamental to 
psychology, for example, than an y development of set-theoretical 
methods.  
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Schematic Character of Knowledge  
In 1974, I gave the Hägerström lect ures in Uppsala, Sweden, entitled 
Probabilistic Metaphysics (1974a). In those lectures I took as m y 
starting point Kant’s criticism of the old theology; my purpose was to 
criticize various basic tenets of what I t ermed the new theology. The 
five most important are these:  

 
1. The futur e is uniquely  determined by the past. 
2. Every event has its sufficient deter minate cause. 
3. Knowledge must be grounded in certainty. 
4. Scientific knowledge can in princi ple be m ade 
complete. 
5. The gro unds of rational  belief and action can be 
made complete. 

 
It is not appr opriate here to deve lop in detail my arguments against 
determinism, certainty, and completeness, but it is my conviction that 
an important function of contemporary philosophy is to understand  
and to f ormulate as a coherent worl d view the highly schematic 
character of modern science and the highly  tentative character of the 
knowledge that is its aim. The tension created by a pluralistic attitude 
toward knowledge and skepticism about achieving certainty is not, in 
my judgment, removable. Explicit recognition of this tension is o ne 
aspect of re cent historically oriented work in the philosophy of 
science that I like.  
 
It seems evident (to  me) that p hilosophy has no special methods 
separate from those of s cience and ordinary  life and has no special 
approaches to problem s of inquir y. What makes a problem 
philosophical is not som e peculiar intrinsic feature of the problem 
but its place as a fundamental problem in a given discipline or in  
some cases the paradoxical qualities it focuses on and bri ngs to the 
surface. I am  sometimes thought of as a primarily  formalist 
philosopher of science, but I w ant to stress that at least as much of 
my scientific activity has been spent on detailed data analy sis as it  
has on the construction of formal theories. My  attitudes toward  
induction and the f oundations of statistics, for exam ple, have b een 
conditioned by the extensive work in applied statistics I have done as 
part of other research efforts in psychology and in education.  
 
I pointed out earlier that I tho ught my work i n the foundations of 
physics was not as significant as  the work in psychology because of 
the absence of an origin al scientific component. It is one of my 
regrets that I have not been able to do more in physics, especially in 
terms of empirical data. I have togeth er with my students pursu ed 
certain questions of data in ph ysics with some persi stence and great 
pleasure. If I had the time and energy to write my own ideal book on 
the philosophical foundations of q uantum mechanics, it wou ld 
present a rigorous and detailed analysis of the relevant data as well as 
of the theory.  
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I was especially  pleased to receive in 1972 the Distinguished 
Scientific Award of the  American Psychological Association in 
recognition of my activities as a psy chologist. This dual role of 
philosopher and scientist would not suit every one’s taste but in my  
own case it h as been a happy one for the vitality  of my intellectual 
life.  
 
III. Personal Reflections  
 
My entire acade mic career has been  spent at Stanford, so I ha ve 
divided this section into three periods: the first five years at Stanford, 
the next ten, and the last twelve. What I intend is to make some more 
general and m ore personal re marks in this part of the essay  and 
especially to comment, beyond the remarks made earlier, on some of 
the people who have had an influence on me. 
I came to Stanford in  1950 immediately upon receiving my PhD 
from Columbia and I have remained here without interruption. I have 
had the usual sabbaticals and I have traveled a grea t deal, perhaps 
more than most of my academic colleagues, but still I have remained 
relatively fixed at Stanford and un doubtedly will do so t hroughout 
the remainder of my career. 
 
1950-1955  
 
I have alrea dy commented on the influence that McKinsey  and 
Tarski had o n me during my first years at Stanford . From another 
direction, as I have alread y mentioned, I was strongly influenced by 
working with David Blackwell and M. A. Girshick on their book, 
Theory of Games and Statistical Decisions (1954). Working w ith 
them I learned a lot about  both mathematical statistics and decision 
theory that was very useful to m e later. I also be gan at this time  
working with Herman Rubin in  the Departm ent of Statistics, and I  
learned a gr eat deal from Rubin, w ho has perhaps the quic kest 
mathematical mind I have  ever had  the pleasure to i nteract with in 
any extended way. His error rate is reasonably  high by ordinary 
standards, but the speed and depth of his reactions to a problem 
posed are inco mparably good. During this period I also learned a 
great deal from my colleague in philosophy, Donald Davidson, and 
began with him the joint work in decision theor y I mentioned earlier. 
In many ways we nicely  complemented each other, for he com es at 
philosophical problems from a different direction and from a 
different background than I d o, but our comm on agreement on 
matters of im portance was more than sufficient to  give us a g ood 
basis for collaboration.  
 
I remember these early years at Stanford with great pleasure. I was 
working hard and intensely and absorbing a great deal about a great 
many different things. On the other hand, it is  useful to  say 
something about how slow one can be in taking in new ideas. I 
learned much from Slackwell and Girshick and also from Rubin 
about the foundations of statistics, but as I look back on the splendid 
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opportunity that was available to me  in working  with the three of 
them it does not seem to me that I got the kind of grip on the subject 
that I feel I h ave acquired since that  time. I cannot help but feel that 
an opportunity was wasted and that a delay  of years was imposed by 
my failure to reach a deeper understanding at that time. I think one of 
the difficulties with my earlier work is that I did not sufficiently  
appreciate the necessity of getting a strong int uitive or conceptual 
feeling for a subject. I probabl y tended to operate in too form al a 
manner, at l east so it seems to me now in retrospect. All the same,  
some of my best papers were written in this period, and I do not want 
to sound overly negative about all that I had the oppo rtunity to learn 
and do in those early years. 
 
1956-1965 
 
I have already mentioned the important influence of Estes during the 
year 1955-1956 at the Center for Advanced Stud y in the Behavioral 
Sciences. The continuation of the wo rk in learning with applications 
to multiperson interactions and to mathematical concept formation in 
children was intellectuall y a major part of my life during the ten  
years ending in 1965. The work with Estes continued; we spent many 
summers together. We planned a monograph as the outgrowth of our 
work but for  various reasons did not  complete it. We did write the 
two long technical reports that were eventually published in 
shortened form as papers. But the extent of Estes’s i nfluence on my 
thinking during this period is under estimated by referring simply to 
the publication of two papers.  
 
In the summer of 1957 there was a Social Science Research Council  
workshop, or rather collection of w orkshops, at Stanford. An 
outgrowth of the workshop on learning  was the volume Studies in 
Mathematical Learning Theory (1959), edited by R. R. Bush and W.  
K. Estes, in which I publ ished several papers, including t he first 
paper with Estes. Perhaps the m ost important intellectual event for 
me that su mmer was the encount er with Duncan Luce and the 
famous ‘red cover’ report  that later was published by Luce as his  
classical book Individual Choice Behavior (1959). He and I had great 
arguments about the exact  interpretation of his axi oms. I initial ly 
thought he had wrongly formulated his central choice axio m but he 
succeeded in persuading me othe rwise, and out of those first  
encounters has grown a strong pers onal friendship and a l arge 
amount of collaborative work.  
 
Although during this ti me I published two logic textbo oks, 
Introduction to Logic (1957a) and Axiomatic Set Theory (l960a), in 
this ten-year period more than any other time in my career most of 
my effort was devoted to psy chological research rather than to work 
in philosophy. I have already mentioned a g ood many of the 
individual psychologists I had the pleasure of working with in thes e 
years.  
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Another important influence on me was interaction with Dana Scott 
over several y ears, beginning with t he period when he was an  
undergraduate at Berkeley  and carry ing through inte rmittently until 
he joined the faculty  at Stanford some years later. Among 
mathematical logicians I have known, Scott is unusual in possessi ng 
a natural taste for philosophical proble ms and great interest in the ir 
analysis. We wrote only one paper together (1958b), but our 
conversations about a ran ge of in tellectual matters have extend ed 
over many years. Scott has the kind of clarity typical of logicians put 
at an early  enough age in the Tarski mold. In some ways I a m 
definitely less compulsive about clarity than I was in the days when I 
was working with McKinsey and later with Scott. Whatever one may 
say about the psychological healthiness of reducing compulsiveness 
of this kin d, I am  not at all sure it has been a goo d thing 
intellectually. It is perhaps an inevitable aspect of my widening 
intellectual interests since the late fifties.  
 
In the last several years of this period, one of the strongest influences 
on my own work was the  succession of able graduate students who 
wrote doctoral dissertations under m y guidance and with whom  I 
often collaborated. I mention (in chro nological order) especially 
Helena Kraemer, Jean Donio, Barry Arnold, M. Fra nk Norman, and 
Paul Holland, all of whom took degrees with me in the Department 
of Statistics at Stanford and all of whom were concerned with 
mathematical or statistical probl ems in the foundations of learning 
theory. (Since 1960 I have had a joint app ointment in the 
Departments of Philosophy and Statistics.) During the same period 
Michael Levine worked on a dissert ation in ps ychology, which he 
completed in a formal sense a year or two later. Both Michael Levine 
and Frank Norman were as graduate students great sticklers fo r 
mathematical precision an d correctness of for mulation of theorems  
and proofs. I remember well the pleasure they took in correcting any 
mistakes I made in m y graduate course on m athematical learning 
theory.  
 
By the end o f this period m y attention was moving to the kinds of 
psychological questions, many of t hem applied, that arose in  
connection with computer-assisted instruction, and, on the ot her 
hand, I bega n to return t o a more intense consideration of pur ely 
methodological problems in the philosophy of science. This does not 
mean that my interest in psychological research ended but rather that 
the ‘learning theory’ period running from 1955 to 1963 was reaching 
a natural end. 
 
At the end o f this period Duncan Luce and I un dertook to write a 
long chapter on preference, utility, and subjective probability for 
Volume III of the Handbook of Mathematical Psychology. Writing 
this long article introduced m e to Luce’s aweso me habits of w ork. 
Very few people I know are able to meet deadlines for completing a 
piece of wor k on tim e; practically no one is able  to co mplete an 
agreed-to assignment in advance of the deadline. Luce is one of the 
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few that can; but it is not simply the meeting of the deadline that is 
impressive, it is his clear and relentless pursuit of the details of a 
particular theory or argument. I learn ed a great deal fro m him in 
writing this long surve y article and have continued to do so. As the 
impact of his boo k Individual Choice Behavior has shown, he has a 
superb gift for simple formulation of quite general concepts and laws 
of behavior.  
 
One important event for my own work and life that took place during 
this period was the founding, togeth er with Kenneth Arrow, of the 
institute for Mathematical Studies in the Social Sciences at Stanford. 
Stanford was then administered in a sufficiently informal way that it 
is not easy to peg the exact date on which the Institute was formed. It 
was a natural outgrowth o f the A pplied Mathematics and Statistics 
Laboratory, which had been put togeth er in the late forties by Albert 
H. Bowker, now Chancellor at the University  of California at  
Berkeley, to provide an organizational framework and an intellectual 
home for a wide range of work in applied mathematics and statistics. 
My own research began  there in the  summers, starting with the  
apprenticeship to Blackw ell and Girs hick mentioned earlier. T he 
forming of the Institute fol lowed in the late fifties. I have continued  
to direct the institute since 1959, and it has been a pleasant and 
constructive home for most of my research efforts since that date.  
It was also during this period that I had my one serious flirtation with 
university administration. I was a half-time Associ ate Dean of the  
School of Humanities an d Sciences at Stanford for three y ears and 
during the last term, the fall of 1961, Acting Dean. During this period 
I had several opportuni ties to assu me full-time ad ministrative 
positions at Stanford and some offer s to do so els ewhere. I enjoyed 
the administrative work during this period and think that I have some 
flair for it, but certainly one of the wisest decisions I have personally 
ever made was to move away from administration and back into a 
regular position of teaching and research.  
 
During this period I would probably have left Stanford except for the 
continued support of Bo wker, first when he was Chairman of the  
Department of Statistics and Director of the Applied Mathem atics 
and Statistics Laboratory, and later when he was Graduate Dean. He 
more than an ybody else was responsible for creating for m e an 
intellectual atmosphere at Stanford and a context for constructive 
research that have been so attractive that for m any years I have not 
thought seriously about leaving.  
 
1966-1978  
 
To continue this theme of administration as I m ove into t he final 
period of these personal reflections, I have found that the large-scale 
computer activities on which we embarked in 196 3 have turned out 
to be a sizable administrative problem in their own right. At the peak 
of our activities in 1967-19 68 we had almost 200 persons, including 
staff, research associates and gradua te students, involved in the 
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Institute. The activity  is m uch smaller now and I am  thankful for 
that, but it continues to be  a relatively complex affair and dem ands, 
as it has demanded since 1963, a fair share of my time. I do  not 
regret the time spent, for m y temperament is such that I would be 
restless in a purely sendentary life of paper-and-pencil research. The 
complex problems of running a computer operation on the  frontiers 
of the techn ology currently available have provide d just the ri ght 
kind of stim ulation to keep me contented and not inclined to seek 
administrative outlets of a m ore extensive nature, except those  
already mentioned at Computer Curriculum Corporation.  
 
The efforts i n computer-assisted instruction during these  last ten 
years have been in as sociation with a very large number of people, 
too many to mention here. M y numerous joint publications in th is 
area provide partial evidence of the  extent of this collaboration, but I 
should also mention the many extremely able young programmers 
and engineers with who m I have worked and who have contribu ted 
so much to our efforts. At first I did not rightl y appreciate the 
important role that able technical people can play  and indeed must 
play in any successful research effort i nvolving complex hardware 
and software. I had in the past heard such stories from my physics 
friends, but this was m y first opportunity to learn the lesson  
firsthand. It i s humbling to direct a com plex activity in which  you 
know that you yourself are not co mpetent in most of the aspects of 
the operation. Large-sc ale research and development work has th is 
character; I am not entirely happy with it. Increasingly in parts of my 
own research I have enjoyed working alone, but this is certainly not 
true of the work in computer-assisted instruction as it is not true of 
my experimental work in psychology.  
 
Also, there are certain kinds of extende d efforts that I would simply 
not be capable of carry ing through on my own. I have in mind 
especially the effort I have engage d in jointl y with David Krantz, 
Duncan Luce, and Am os Tversky in t he writing of our two-volume 
treatise, Foundations of Measurement. This has been my longest 
collaborative effort, and I am  pleased to say  that we are still all 
speaking to each other.  
 
Friendships that extend over many years have not been a topic I have 
emphasized in this essay , but a number have been im portant to me. 
One sad fact is that after staying at Stanford so many years I find that 
all of the persons with whom  I formed relatively close personal ti es 
in the l950s have now departed. This includes Albert Bowker, now at 
Berkeley, Donald Davidson, now at the Univers ity of Chicago, 
William Estes, now at Rockefeller University, and Richard Atkinson, 
currently Director of the National Science Foundati on. There are, of 
course, a number of individuals on the campus, especially colleagues 
in Philosophy and in the  Institute for Mathematical Studies in th e 
Social Sciences, that I work with and enjoy interacting with, but most 
of them are a good deal younger and are not friends of many years 
standing. Jaakko Hintik ka has been my part-time colleague at 
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Stanford for many years. We have edited several books together and 
given a n umber of joi nt seminars that have been rewarding and 
pleasurable. On several occasions, Julius Moravcsik also participated 
in these seminars and I have benefited from my discussions with him 
about the phi losophy of language. A third colleague in philoso phy 
who has been at Stanford for many years but increasingly on a full-
time basis is Georg Kr eisel, and in t he last f ew years we ha ve 
developed the habit of talking ex tensively with each other abou t a 
wide range of topics. I val ue the regular round of talks with Kreisel 
and look forward to their continui ng in the years ahead. Althou gh 
Kreisel primarily works in the fou ndations of mathematics, he has a 
long-standing interest in the foundations  of physics. He is especially 
good at giv ing broad g eneral criticisms of the first drafts of 
manuscripts on almost any subject about which I write, and I try to 
do the same for him. 
 
I close with some brief remarks about my personal life. I was married 
to my first wife, Joanne Farm er, in 1946, and t ogether we had three 
children, John, Deborah, and Patric ia, who at the beginning of 1978 
are 17, 20, and 26 years of age; Joanne and I were divorced in 1969. 
In 1970, I married Joan Sieber and we were divorced in 1973. Since 
1956 I have lived on the Stanford campus, and since 1961 in th e 
house that I now occup y. It is a large, co mfortable house, built  in 
1924, and is located in the old residential section, San Juan Hill, on a 
spacious lot. I feel co mpletely anchored to Stanford and the Bay  
Area. It is unlikel y that I will ever move anywhere else. All in all, I 
feel fortunate to have had  the ki nd of life I have had for the past 
twenty-seven years at Sta nford. Another twenty of the same sort is 
more than is reasonable to ask for, but I plan to enjoy  as many as I 
can.  
 
Stanford, 
March, 1978.  
 
Note  
 
1. There is a cert ain amount of overlap in the content of this self-
profile and an autobiography I wrote earlier (1978a) , focused on my 
interest in psychology. I am indebted to Georg Kreisel for a number 
of useful criticis ms. I al so wish to thank Lofti Zodeh for the 
photograph which forms the frontispiece of this volume.  
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Intellectual Autobiography, 1979–2006 
 
I ended Part I of my Intellectual Autobiography, written in 1979, 
with the year 1978. So I now take up the narrative from that point 
onward. I begin, as earlier, with a long section on research, followed 
by a section on personal reflecti ons. Although my interests have 
changed somewhat, I follow the sa me main seven divisions I used 
earlier: foundations of p hysics; theory of measurement; decision 
theory, foundations of probabilit y, and causality; foundations of 
psychology; philosophy of language; education and  computers; and 
philosophy and science. 
 
IV. Research 
1979–2006 
 
Foundations of Physics 
 
Most of m y work in t his period was, first, in col laboration with 
Mario Zanotti, as a continuation of our earlier research begun in 
1974; and second with Acacio de Barros, a Brazilian physicist. 
 
Zanotti and I wrote, between 1980 and 1991, five papers on quantum 
mechanics, all focused, from one angle or another, on the quantum 
phenomena of entanglement, first bro ught to prominence by the 
physicist John Bell. We considered the Bell inequalities in all of 
these articles. I won’ t give a technical account here of those 
inequalities, but the y are used to show that there is no proper 
classical theory of the experiments t o which they  are applied. A 
sketch of the argument goes like this. In classical physics and, in fact, 
almost all branches of science excep t quantum mechanics, when we 
find simultaneously correlated events, such as f ever and headach e, 
we search for a common cause. Einstein believed to the end that such 
common causes, even if not necessarily observable in any direct way, 
should be found for quantum phenomena as well. The search for such 
causes is the search for hidden variables in the l anguage of t his 
enterprise, when pursued in the quantum domain. The Bell 
inequalities give necessary  and suff icient conditions for such 
observable correlated phenomena as  the spin of  particles, often  
represented in entanglement experi ments by the polarization of 
photons, to have hidde n variables as co mmon causes of  the 
correlations. The point of the inequalities is to give a condition, just 
in terms of t he observable correlations , for there to be such hidden 
causes. It tur ns out, not initially  clear that this is the case, that the 
inequalities are equivalent to requiri ng that the random variables or  
probabilistic events having the pairwi se correlations must have a 
joint probability distribution of  all four together. So Bell’s  
requirement was just eq uivalent to a well-known probabilist ic 
problem for a great variety  of speci al cases: wh en do random 
variables having certain marginal distributions have a joint  
distribution? The subject is messy and full of tantalizing partial 
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results. Some of the nice earlier r esults, with no c onnection with 
quantum mechanics, were given b y the disting uished French 
mathematician Maurice Frechet, who m I met in the 1960s in Paris, 
but, as is usu ally for me and ot her academics, who talk to a lot of 
different people, I cannot remem ber anything about our 
conversations. (John Bell I did meet  once and we had a very  good 
talk about the foundations of physics at the Stanford Faculty  Club; 
Bell, like a lot of other scientists who are well-known for conceptual 
innovations, had a strong natural interest in philosophy.) 
 
I won’t enter into the details of what Zanotti and I did in these five 
papers, except to mention one gene ral result that has applications 
elsewhere. This is our proof that the ex istence of common causes for 
phenomena of any kin d is exactly equivalent to their having a j oint 
probability distribution (Suppes and Zanotti, 1981). We proved it for 
finite random variables, and it wa s easily extended to continu ous 
random variables by Paul Holland and P. R. Rosenbaum (1986). (I 
am proud to say that I was Paul’s Ph.D. advisor in the Department of 
Statistics many years before.) One i mmediate application is that the 
search for latent variables, as co mmon causes are often called in the  
social sciences, always exist for any  social phenomena that ha ve a 
joint probability distribution, whic h in such resear ch is i mplicitly 
always assumed. This means that further structural conditions must 
be imposed to get a result on latent variables of any scientific  
interest. 
 
Years later, in fact in 2000, Acacio de Barros and I derived a set of 
similar inequalities for what are called Greenberger, Holt and 
Zeilinger (GHZ) configu rations of th ree entangled particles. The 
surprising result is that we found inequalities that looked just like the 
Bell ones wh en correlations between p airs of partic les are replaced 
by moments for three particles, i.e., ex pectations of the products of 
the spins of three particle s. It was a particular pleasure for me, now 
78 in 2000, to have this article published in Physical Review Letters, 
the leading physics journal in the w orld in the opinion of many 
people.  
 
As I have em phasized in several publ ications, entanglement is t he 
great mystery of nonrelativistic quantum mechanics. As far as the 
current evidence shows, particl es can be entangled, even th ough 
separated by large distances. This seems to be a revival of action at a 
distance, as occult as was gravitation in the seventeenth centur y. 
Remember, Newton was quite clear that he did n ot understand t he 
cause of gravity , and it violated all the precepts of the Cartesian  
physics that was still being taught, eve n at Cambridge, in the second 
half of the seventeenth century. 
 
I now examine carefully some possible consequences of these ide as. 
The primary criterion of adequacy of a probabilistic causal analysis is 
that the causal variable should  render the sim ultaneous 
phenomenological data conditionally independent. The intuition back 
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of this idea is that the common cause of the phenomena should factor 
out the observed correlations. So we label this principle the common-
cause criterion. Although satisfaction of it is not the end of the 
search for causes or probabilistic explanations, it does represent  a 
significant and important milestone in any particular investigation  
 
Much of t he earlier discussion of hidden variables in quantu m 
mechanics centered around the sear ch for determ inistic underlying 
processes, but for som e time now the literature has also been  
concerned with the existence of probabilistic hidden variables. It is a 
striking and important fact that even probabilistic hidden variables do 
not exist when the observa ble random variables do not have a joi nt 
distribution. 
 
The next systematic concept is that of locality. I mean by this what 
John Bell (1966) meant: 
 

It is the requirem ent of locality , or more precisely 
that the result of a m easurement on one sy stem be 
unaffected by operations on a distant sy stem with 
which it has interacted in the past, that  creates the 
essential difficulty. …The vital assumption is that 
the result B for particle 2  does not  depend on the 
setting a, of the magnet for particle 1, nor A on b. 
 

Quantum entanglement, as is well known, violates both the princip le 
of a co mmon cause and the principle  of locality . There are ot her 
consequences, even more directly challenging, to the edifice of much 
modern physics. My objective here  is to describe these additional 
difficulties, without the necessary technical developments for a really 
clear and transparent exposition. 
 
The more recent entanglement experiments de monstrate two cri tical 
features: 
 

(i) Entangled particles can be  experimentally separated by 
distances of the order of 100 kilometers (Zeilinger, 2005). 

(ii) Changing the angle of the measurement apparatus for one 
particle can be done just before  the other particle reaches its 
measurement apparatus. So the causal effect of this change is 
transmitted, in recent experi ments, at least five ti mes faster 
than the speed of light. 

 
These experimental results seem to present us wit h the following 
stark alternatives: 
 

A1. Reject the special theor y of relativity and retur n to the 
Galilean invariance of N ewtonian mechanics, where even 
instantaneous action at a distance is pos sible, and any finite 
velocity creates no problem. 
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A2. Hold fast to the special theory of relativity and accep t 
macroscopic backward causation. 

 
Backward causation follows fro m (i), (ii) and the s pecial theory of 
relativity. With speeds faster than that of light, particles separated by 
a space-like interval can causally interact. In that c ase there is an 
inertial frame F2 of reference, related by a Lorentz transformation to 
the initial frame F 1, such that in this fram e F2 the causal effect of 
changing the measurement angle of one particle is an event A in the 
future of the event B of changing the other particle. Thus, backward 
causation. Event A occurs, relative to frame F2 after event B, but A is 
the cause of B. I find this  hard to acce pt. But perhaps it also helps 
explain why relativistic quantum  mechanics seems still to lac k a 
satisfactory foundation. 
 
In 1991 Zanotti and I published three articles on entanglement. This 
was our last work on foundations of physics. In that same year I met 
Acacio, who joined us from Brazil to teach physics in the Education 
Program for Gifted Youth at Stanford. (More on E PGY later.) He 
and I also be gan talking t o each other  about a variety of issues in 
foundations of physics. Our first paper, published i n 1994, was on a 
random walk approach  to o ptical interference. This was the 
beginning of several papers on a se miclassical theory of optics tha t 
postulated photons, but with definite trajectories, and the associate d 
electromagnetic field was now “reduced to” a probability distribution 
of photons. We published four more papers broadly in this area and 
entanglement, before the 2000 article on GHZ quantum entanglement 
of triples of particles, I will not go into the details, but remark on two 
aspects of this research that has been significant for me. It represents 
the first time I did any  sustained research with a  working physicist. 
Back in the early 1960s, when I wrote my first article on pr obability 
in quantum mechanics, I got  some help from Sidney Drell, who 
became one of Stanford’s distinguished theoretical physicists. But it 
was different with Acacio. We worked day after day in a sustaine d 
effort to understand problems we found puzzling. Earlier coworkers, 
like Zanotti, had a background clo ser to mine from philosophy, 
foundations of mathematics and mathematical statistics. Acacio is a 
true-blue physicist and we often differed sharply in our natu ral 
approach to the problems we tackled, but this meant that the union of 
what we did know covered much more ground. 
 
I end this part with reference to  only two other relevant research  
efforts. In 19 98 I published a paper o n pragmatism in ph ysics, to 
which I return later. The second effort was begu n in 20 00 with 
Acacio to apply the theory of oscillators to the representation of brain 
activities. This effort is continuing, but I will say  something about  
this, beginning in 2000, under the general heading of Foundations of 
Psychology. 
 
Theory of Measurement 
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The big event was the com pletion of the treatise Foundations of 
Measurement. Volume I was published in 1971. Eighteen years later, 
Volume II was published in 1989, and Volume III one year later in 
1990. Dave Krantz had been the lead author in fi nishing Volume I; I 
took that responsibility for Volume II; and Duncan Luce did so f or 
Volume III. (The four authors of the volumes were David Krantz,  
Duncan Luce, Am os Tversky and m e. Unfortunately, Amos died 
early in 1996, just about at  the apex of his brilliant scientific career.) 
Writing a treatise like the one on measurement is a mixture of many 
intellectual activities. Perhaps the m ost important and the m ost time 
consuming is organizing sets of resu lts in a coherent fashion that 
brings out c oncepts and their relations in a way  that was not as 
evident in their original development, or in the direction of their most 
recent application. This sounds ver y general and abstract. I will g ive 
a couple of  examples from Volume II. Chapter 13 , which I m ainly 
wrote, presents in the  first 38 pages a variety of classical geometric 
structures, such as absolute, affi ne and projective spaces, mainly 
according to their axiomatic foundations. To write so mething 
detailed, but not too leng thy, took much more effort than I expected, 
probably because I misjudged the depth of my knowledge at t he 
beginning. 
 
Another problem, more serious in a way, is that I initially naively 
intended to do something much more original. I wanted to emphasize 
geometric constructions, such as the familiar affine one of bisecting a 
line segment, to generate onl y finite geometries that have exa ct 
representations. By ‘exact’ I mean representations unique up to the  
relevant classical group, f or instance, the projective or affine gr oup 
of transformations. Well, this is a r easonable project, but one I had 
not thought through, and when I began thinking about hyperbolic and 
elliptic spaces I needed to do more work than I had planned on. My 
attachment to these finite geometries marks a philosophical attitude 
of mine toward the fo undations of mathematics. Geometry has been 
neglected, following the arithm etization of analysis in the latter part  
of the nineteenth centur y. Moreover, the search for a foundatio n has 
been dominated by the search for a monolithic one that would work 
for all of mathematics. That ideal i s still in place, and, of course, I  
fully recognize the value of it. But as a thorou ghgoing pragmatist 
about science and philosophy, I have with experience (for which age 
is a surrogate) beco me ever more skeptical of the need for such 
results. Indeed, focus on them can be intellectually mistaken. A good, 
but different exam ple was the long sear ch in philosophy until 
recently for an absolutely certa in grounding for epi stemology. We 
can ring the changes on the great philosophers who sought suc h a 
foundation from Kant to Carnap. In applications of mathematics, 
including geometry, a pluralistic view is easy to defend. I mean by 
this that limited use of m athematics, in fact, mainly elementary use, 
is made in almost all applications in physics, biology, economics or 
elsewhere. Such limited use ordinarily  can be given a respe ctable 
finitistic foundation if one is needed.  
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Let me be more concrete to illustrate this last point. In order to prove 
the standard representations in analytic geometry of the various kinds 
of structures I mentioned—an enterprise which ha s been fa mous 
since Descartes, it is ne cessary to add som e kind of axiom  of 
continuity, which is usually formulated in a strong form equivalent to 
a completeness axiom for the real numbers, such as: any  nonempty 
set of real numbers that has an upper bound has a least upper bound.  
Such an axiom, not known in this form, or its geometric equivalents, 
in ancient Euclidean geometry, says something that is important to be 
clear about in pure mathem atics. But it most surely expresses a 
principle that will not be tested direct ly in any physical or other 
scientific experiments. Having such s trong smoothness conditions 
was no doubt important in nineteenth-century mathematical physics, 
when the aim  was to find s ymbolic methods of  computation to 
generate closed forms, i.e., finite expressions as solutions to 
problems, whenever possible. Already before the end of the twentieth 
century it was evident that the scene had changed. Most problems 
that arise naturally in physics now do not have closed-form solutions. 
The beautiful clas sroom examples of c lassical mechanics, such a s 
Newton’s solution to t he isolated two-bod y problem, are rare in  
nature or the modern physics labor atory. Numerical work more or 
less dominates all the wa y down, and what is sy mbolic foundation 
can ordinarily be given a rather straightforward constructi ve 
foundation. These comments reflect my biases about measurement as 
well. I personally have always, and now ever more so, stres sed the 
need to keep the subject closer to  the laboratory and the practice of 
actual measurement, in the lab and outside as well. 
 
So I will only  briefly consider a more radical second example. The 
second part of Chapter 13 is devoted to classical space-time and that 
of special relativity. Standard strong assu mptions about the 
smoothness of space-time are used. But it is evident enough t hey are 
in no sense subject to a detailed positive confirm ation. It needs little 
argument to show that no experi ments as we know them  will refute 
the assumption of a sufficiently fine discrete space-time. In fact , 
high-energy particle physics, when pu shed, would favor the latter. 
Experiments that try to work with ever finer volum es of space-time 
do not find smoothness, but explosive reactions—this sounds too 
vague, but it can be technically  expanded on in a standard way . For 
details on quantum fluctuations in a vacuum, see (Milonni, 1993).  
 
This finitistic laboratory orientation of my recent thinking a bout 
measurement is brought out in a pap er I recently wrote (Suppes, 
2006) that is  about i ndistinguishability of observations or what is 
being observed, the subje ct of Chapter 16 of  Volume II, which is 
entitled “Representations with Thresholds”, also a subject dear to my 
heart. But in this recent paper, rather than taking the class ical 
psychological stance, well docum ented experimentally, that 
indistinguishability within a thre shold is a nontransitive relation, I 
considered measurements with finite scales. So, for exa mple, if I 
have weights to m easure accurately to a gram, the relation of 
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indistinguishability of the weight of objects falling between 2 and 3 
grams is transitive, but this is all that can be said. We can make up an 
exact number for co mputational purposes, but the result i s 
indeterminate, and should, strictly  be represented by  a pair of upper 
and lower measures, the upper measure being 3 grams, and the lower 
one, 2 grams. Do not, when you read this, make the mistake of 
saying, “Well, anybody can improve such a coarse measurement as 
this.” The point is that, unlike the nineteenth-century fantasy tha t 
classical physical measurements could always be indefinitely 
improved, we now recognize that this is not the case. I can alway s 
find, at a gi ven level of  technological development of m easuring 
apparatus, a lower bound beyond which improvements cannot go.  
And there are clear theoretical arguments I will not enter into here, as 
to why im provements will not  converge in tim e to perfection. 
Making up an exact result is nice for computations, but should not be 
part of thinking about what the world is really like. Another point to 
emphasize. This indeterminate approximation prece des, rather than 
follows, statistical calculations, but this point also I shall not go into 
now in detail. 
 
These remarks about indeterminate approximate measurements fit in 
well with the prag matism I endorsed earlier. It is part of such a 
program to insist on plurality and partiality, as well as, indeterminacy 
of results. What I said, for instan ce, about weight, holds even more 
for subjective probabili ty, or, if you wish, for propensi ty 
interpretations of probability as well. 
 
Decision Theory, Foundations of Probability, and Causality 

 
During the fi rst ten years, 1979–1988, I published two books and a 
lot of articles under this heading. Th e list is too diverse and varied to  
summarize in a synoptic conceptual fashion. But certain themes are 
constant. In 1981 Logique du Probable was published in Paris. The 
text was a revision of a series of four lectures given at the College de 
France in November 1979. I enjoy ed the extensive discussions that 
followed each lecture, an d so, I think, did Jules Vu illemin, who, as 
Professor of Philosophy , at the College, sponsored my appearance. 
But I don’t think the book was m uch read in Fr ance. With i ts 
emphasis on the philoso phical relevance of many concepts and 
results from decision theory and the f oundations of probabilit y, it 
strayed quite far fro m the main concerns of French philosop hy. I 
ended the book with a summa ry of eleven principal these s I h ad 
defended. Looking back now, my favorite two are these: 
 

Intuitive judgments that are not able to be expressed verbally 
are an essential and uneliminable feature of our processes o f 
decision making. 

Determinism is dead; its  short existence, fro m Laplace to 
Heisenberg, Born and Dirac, has ended. 
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No doubt too brief to be taken seriously, but m eant to summarize a 
longer argument in the text. Jules was a good frien d for many years. 
He was the most learned person I have known in  the histor y of 
philosophy and science. He often corrected my historical error s on 
many points. I continue to miss him since his death in 2001. 
 
Three years after the publication of Logique du Probable, in 1984 I 
published Probabilistic Metaphysics, based on the Hägerström 
Lectures, which I gave in Uppsala, Sweden in 1974, on the invitation 
of Stig Kanger and other mem bers of the Department of Philoso phy 
at Uppsala. Many them es of this longer book overlapped with those 
of the earlie r one. The headings of the five chapters after t he 
introductory one give a quick overvie w of the focus: random ness in 
nature, causality and random ness, uncertainty, incompleteness, and 
the plurality of science. T he seventh chapter applies many of these  
ideas to the analy sis of language, with an appendix on probabilistic 
grammars. The eighth and last chapter is on rationalit y and the 
orientation is close to that of the earlier book in French. 
 
On one major point I have since changed m y mind. In Probabilistic 
Metaphysics I argued strongl y that det erministic theories of most 
natural phenomena must be false, and that determinism as a general 
view of the natural world is a fals e one. I have been persuaded by 
striking invariance results in ergodic theory established by my 
colleague Don Ornstein and others (see especially Ornstein and 
Weiss, 1991). The y prove the im possibility of distinguishing 
between the correctness of a deterministic theory and a stochastic one 
of the classi c billiard-ball exam ple of motion, once only a finite 
accuracy of measurement, bounded away  from zero, is assu med. In 
this case, two theories that are mathematically inconsistent cannot 
even in principle be distinguished by an unbounded but finite number 
of observations of the beh avior of a bil liard ball on a table with a 
convex obstacle in the center. To play  off t he themes of Kant’s  
antinomies in the Critique of Pure Reason, especially the third one  
on causality, the revised view is that determ inism is not false, but  
transcendental. I elaborate d on this idea in sever al articles in the 
1990s. The view I now advocate is that either universal determinism 
or universal indeterminism are transcendental, i.e., be yond 
experience. So a choice between them is a  transcendental 
metaphysical one. Mor eover, the invariance I mentioned is 
undoubtedly present in al most every variety of c omplex natural 
system from chaotic billiard balls to quivering Aplysia or your 
favorite bacteria. That transcendental determinism will not disappear 
as an attractive doctrine is supported by its presence even in theories 
of quantum mechanics, notably the Bohmian approach. 
 
My interest in the foundations of probabilit y continued during thi s 
period, but I will not enter into the technical details of various papers. 
I summarized my thoughts, and answered so me questions I now 
think I unde rstand, relatively recently in the long Chapter 5 of 
Suppes (2002).  
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Foundations of Psychology 
 
I continued work on most of the psychological topics discussed in the 
earlier period prior t o 1979, but I will only mention here two new 
areas of psychological research I had not contributed to or even 
really thought about before. One is the stud y of eye movements and 
the other is the study of electrical and magnetic activity in the brain. 
 
Eye Movements 
I cannot now remember how I first got interested in eye movements. 
But it was about 1980. Somewhat rashly I agreed to host an ey e-
movement laboratory run by Jim Anliker, which was supported by 
one of t he government agencies. Jim was an experienced scient ist, 
with a doctorate in ps ychology, who had devoted at least the 
previous ten years to ey e-movement experiments. But he had  
published very few papers, and did not have much interest himself in 
building stochastic models of the obviously probabilistic behavior of 
eye movements. So it was  a desirable collaboration, with each of us 
contributing, but also depending o n the other. We did some 
experiments I still like in which we recorded the ey e movements of 
students doing arithmetic exercises. The actual beha vior was much 
more complex than the hallowed explanations of how students work 
such exercises and use the algorithms they were taught. Two detailed 
papers on this work were publis hed in 1982 and 1 983. I was then  
invited by Eileen Kowler,  another specialist in ey e movements, to 
write a review paper on eye-movement studies of both arithmetic and 
reading. This time no new experiments were co nducted, but I 
assiduously studied the large literature on eye-movements in reading, 
which I previously knew only in a superficial way . I organized my 
ideas to form ulate some stochastic models of ey e movements in 
reading in thi s article (1990) and in a s econd one (1994) that grew 
out of my participating in a confer ence on autis m in Sweden.  A 
couple of years later, Julie Epelboi m received a postdoctoral 
fellowship to study  mathematical models in psy chology with me. 
Besides Jim Anliker, she was the only experimenta l psychologist, 
well-trained in the specialized lore of ey e-movement research, with 
whom I have worked. We published in 2001 a paper I still like a lot 
on eye movements in solving geometric problems with diagrams. 
The eye movements revealed directly the subtle i nterplay in the 
shifting back and forth between the t exts of the problems and the 
accompanying diagrams. The model we developed was us ed to 
estimate the size of working memory in solving such problems. 
 
Brain Experiments 
I was invited to give a paper and participate in a conference at the 
University of Minnesota on high performance computer applications 
in the behavioral sciences in May  of 1996. I don ’t really remember 
the details of my own paper, but I was  fascinated by the lecture of 
Professor Sam Williamson. This decisive event lead to research t hat 
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has occupied me since 1996 more than any other area of research and 
seems likely to continue to do so in the future. 
 
Here is a record of what I wrote about that lecture and what I thought 
about in the days following it (May and June, 1996). 
 
Saturday, 11 May 1996 

A lecture on  current work on Magne tic Imaging 
(MEG) by Sam Williamson, a physicist at NYU who 
has been one of the early  workers in developing the 
use of SQUIDS for recording the magnetic field 
generated by electrical activity in the brain. I asked 
Sam various questions i n a skeptical m ode about 
what could and could n ot be done. I also continued 
to chat with Sam and got a better sens e of the nature 
of the magnetic recordings. This is the fi rst time that 
I had heard about any of the details of magnetic 
recording with SQUIDS (superconduct ing quantum 
interference devices). 

 
22 May 1996 

On the way  to Europe, I stopped with  Christine in  
New York and during the afternoon of May 22, I met 
Sam Williamson at NYU’ s Center for Neural 
Science. 

 
4 June 1996 

The following memo of record is directly transcribed 
from the writing of  this note on 4 J une 1996 on 
United Airlines Flight 955 from  London to San 
Francisco. 

 
Memo of Record 
 
 ...The purpose of this memo is to record my 
meeting with Sam  Williamson at NYU – Sam  is a 
physicist at the NYU Center for Neural Science. We 
met from 2 PM to 3 PM on Wed., May  22 – 
Christine and I were on o ur way to Europe and we 
stopped overnight in New York. I called Sam  in 
hope of meeting him  after hearing a talk b y him on 
MEG (magnetoencephalography) – the technique 
using SQUIDS for measuring magnetic fields arising 
from neuronal activity. Th e fields can be measured 
externally but close to the scalp. 
 In the course of our intense one-hour conversation, 
I suggested to Sa m that it might be possible to  
recognize internal speech, initiall y just individual 
words such as “Y es” and “No”, by  analyzing the 
magnetic wave produced by the neuronal activity by 
an approach similar to that used for standard speech  
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recognition. My conjecture is that the wave pattern 
of internal s peech must, in a precise sense to be 
determined, be approxim ately isomorphic to the 
actual speech wave. 
 A main basis for the conjecture is t hat the ti me 
course and sense of pr osodic emphasis in the  
conscious awareness of the internal speech seems, as 
would be expected, very  similar to that of the 
corresponding actual speech. 
 Although the physical details are bound to be 
subtle and com plex, there is much to support t his 
conjecture. We produce too much speech of which  
we are cons ciously aware, and it is  too eas y to 
produce corresponding i nternal speech for the 
relation between the two to be im possibly complex. 
The subjective sens e of si milarity is of the greate st 
importance. 
 Let us suppose that the area of the cerebral cortex  
where internal speech takes place can be localized, 
because it is in fact a relativel y local phenom enon. 
If, on the ot her hand, pr oduction of such speech 
involves a distributed network of n eurons, then 
internal speech recognition will be much more 
difficult. 
 Assuming, then, localization of activity, the subject 
must, during training trials, tell us what was said  
silently on each trial. Put better, confir m that what  
was said was the word or phrase requ ested by the 
experimenter. A variety  of m achine-learning 
techniques can be applied to classify  correctly what 
was silently said on the basis of the magnetic wave  
form recorded. 
 In principle, if the technique works for a very small 
number of words, it should b e relatively 
straightforward to extend it to a large vocabulary, as 
is the case w ith current research on act ual speech – 
in fact, pretty good commercial products exist. As in  
the case of actual speech, continuous internal speech 
will be much more difficult. 
 Of course, a different kind of machine learning 
may be required to learn the “m eaning” of the 
magnetic waves. But given the abundance of current 
techniques, the difficulties should be not too great, 
granted it is technically  possible to record 
meaningful magnetic waves. 
 If internal speech can be recognized, many further 
research questions i mmediately arise. Perhaps the  
first of great interest would be this. W hen we do an 
associative word search of memory, do the magnetic 
waves of the neuronal activity  reflect a meaningful 

58



use of internal speech. The conscious subjective 
impression is certainly affirmative, but is it so? 
 Here are some more questions briefly stated. Could 
the execution of sim ple arithmetic algorithms be 
similarly interpreted in a meaningful way from 
observation of the magnetic field when done purely 
mentally? For exa mple, if I silently  say “Nineteen 
plus fifteen is thirty-four”? 
 A large bundle of questions of a different sort 
concern internal conscious recognition of mental 
visual images and their manipulation or m ore 
detailed construction or enhancement. Internal 
speech recognition seems much the easier problem,  
but the massive work on visual pattern recognition 
should apply rather directly , as far as general 
technique of recognition is concerned. 
 If, like the work I did in the 70’ s on speech 
recognition over the telephone, we can succeed with 
“Yes”, “No” and the ten di gits, we will  have taken  
the crucial fi rst step. It r emains to be seen if  the 
current level of technology, and our understanding of 
how to use it, is up to the task. 

 
Much has happened since 1996, and my understanding of the many 
complex aspects of signaling in  the brain has vastly im proved. The 
first important finding was that in the initial experiments at S cripps 
Institute in La Jolla with magnetoencephalography (MEG), we were 
fortunate that the standard  electroencephalography (EEG) wa s also 
used by the placing of such sensors in the st andard EEG 1 0-20 
configuration. What we found to our surprise in our f irst analyses, as 
reported in the initial paper (Suppes, Han, and Lu 1997), was that we 
were able to recognize brain waves better by using  the EEG results, 
rather than the 140 some MEG sensors. From  the standpoint of 
continued pursuit of the research, this was a lucky break, because it is 
relatively easy and cheap to run EEG experiments. The technical  
details of MEG experiments are advanced lessons in  modern 
superconducting devices: for exam ple, SQUIDS must be kept  at a 
temperature close to 0 ° Kelvin. In contrast, EEG resear ch requires 
equipment that has not been drastically  modified for more than fifty 
years. Moreover, it is wi dely used, not only  in resear ch, but in 
thousands, indeed hundreds of thousands of m edical offices a nd 
clinics throughout the world. 
 
So after these initial experiments, which had some success, I and my 
collaborators rapidly published five articles in the Proceedings of the 
National Academy of Sciences, of which I am  a me mber, having 
been so elected in 1978.  These ar ticles marked the first burst of 
activity. Since then we have settled down to a more elaborate 
program of experimentation, with the co mputational analysis and 
modeling requiring vastly more time and effort than the experiments 
themselves. 
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This is not the place to describe the work in technical detail, which is  
properly reported in a series  of sh ort articles that have bee n 
appearing over the last few y ears, and also in Chapter 8 of Suppes 
(2002), but I would like to give a sense of the k ind of prospects we 
see for the research we have embarked on. One way of describing the 
effort is that we are like cryptograp hers trying to understand how the 
brain encodes language and may  use it internally. In support of such 
internal use i s the surprisi ng finding that when very  simple visual 
images are shown to ex perimental subjects there is rather good 
evidence that within a few hundred milliseconds they will activate in 
the brain an image of the word correspondi ng to t he concept. For 
example, if we show su bjects a cir cle or a tria ngle, then this 
surprising finding has relevance to an o ld philosophical controversy. 
It is a controversy  about how the br ain or the mind represents 
abstract ideas, such as the  general concept of a particular color or 
shape. I quote from our summary of this reference to the eighteenth-
century dispute in Suppes, Han, Epelboim, and Lu (1999b, p. 14663). 
 

Early in the  18th century, Bishop Berkeley  (1710) 
famously criticized John Locke’s Theory of abstract 
ideas (1690). David Hume (1739, p. 17) later 
summarized succinctly Berkeley’s argument. 
 

“A great philosopher [Berkeley] has 
disputed the receiv’ d opinion in this  
particular, and has asserted, that all general 
ideas are nothing but particular ones,  
annexed to a certain term , which gives 
them a more extensive signification, a nd 
makes them recall upon occasion other 
individuals, which are similar to them.” 
 

Berkeley’s views are well supported by our results. 
After visual display of a  patch of red or of a circle, 
the image is represented i n the cortex by the brain 
wave of the word red or circle within a few hundred 
ms of the dis play and somewhat quicker than is the 
representation in the cort ex of the spo ken word red 
or circle. To the skeptica l response th at we do not 
really know it is the word red or circle that is being 
represented in the cortex, as opposed to the 
particular visual image, we respond th at everything 
we have learned thus far about the one-dimensional 
temporal representation of words, presented either  
auditorily or visually, supports our i nference, the 
spatial unidimensionality of t he temporal 
representation used for recognition, above all. 
Perhaps just as i mportant, the filtered brain waves 
representing the spoken color or shape words 
conform closely to the b rain waves of the many 
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other words whose brain waves we have identified in 
our earlier work. 
 

A second slightly earlier finding, also surprising, was that we co uld 
use brain wa ves of one subset of subjects to recog nize the brain  
waves of a disjoint subset of persons. This provides evidence of an 
important kind of invariance in th e brain-wave re presentations of 
words between individuals (Suppes, Han, Epelboim, and Lu, 1999a). 
Having such a invariance is certainl y not som ething that can be 
derived apriori, but it greatly facilitates the efficiency of the complex 
system of co mmunication of passing messages or other linguistic 
expressions from one pers on to anothe r. If m y physical procedures 
for processing a given word or sen tence are quite different from 
another person’s, one can anticipate it will lead to more difficulties in 
fast decoding of what was said by each of us to the other. It is easy to 
expand on this theme. It is not my purpose here to do so. 
 
More recently (2006), in the search for very high rates of recognition, 
that is, rates on the order of ninet y percent for at  least two or  three 
hundred individual trials, with the null h ypothesis being that the 
recognition rates would by  pure chance be onl y fifty percent, we 
have moved from words to more general auditory and visual images. 
We have made a big effort to find s timuli that c ould easily be 
discriminated, that is, easily discrim inated in terms of the brain 
waves generated by  subjects listening or looking at t he auditory or 
visual stimuli. Most of  this work has n ot yet been published. It had 
taken us in a direction I had not really anticipated at the beginning. In 
fact, our best results, the very  best results, not surprisingly really, are 
for the binary  contrast between a highly  selected auditor y stimulus 
and a highly selected vis ual stimulus. The outstanding instance of 
this so far is the auditory word Go juxtaposed in trials to the visual 
stimulus of a bright red stop-sign. One of the impressive things about 
these experiments is that  the rate of trials can be quite fast. We 
randomly display one of the two sti muli every second so that in 
twenty minutes we already have 12 00 trials. For several subjects w e 
have tested, we have recognition rates above ninety-five percent on 
test trials for which no par ameters of any kind have been estimated. 
These are very high recognition rates under classical tests of the null  
hypothesis. The probability of the null hypothesis being true, i.e., the 
p-value of the null hypothesis, is an extremely small probability and 
the results are highly significant. For example, it is not uncommon to 
have p < 10-50 and sometimes even p < 10-100. These are, by ordinary  
psychological standards, extraordin ary statistical results, which are 
highly desirable, in order to have a firm basis for further analysis. 
 
I end this discussion with two additiona l examples. The first one is 
about comparing stimuli of the so rt referred to. On one trial the 
subjects sees a bright blue circle , and on t he next, with the same 
luminance, a bright red triangle:  other trials use the other two  
combinations, blue triangle and red circle. In analysis of these data, 
we are able to discriminate, if we hold shape consta nt, the color, and 
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if we hold color constant, the shape. These findings support rather 
strongly the psychological experiments on attenti on of som e years 
ago (Treisman and Gelade, 1980). But at the same time they  exhibit 
some contextual effects that cannot be ignored. So that, for example, 
which color is being held consta nt can make a  difference. The 
important point is that t he concept of an invariant, so nice ly 
formulated for physical quantities like length, is more complex when 
the invariance is for less idealized properties of concrete phy sical 
stimuli. Some contextual effects seem inevitable, and were the source 
of many of the difficulties in earl ier psychological research, 
especially in the theory of perception. What is heartening, on the 
other hand, i s the robustness of wh at can still be achieved without 
having a simple exact invariant. 
 
The second example is also related to many kinds of psychological 
and philosophical arguments of the past. Are imagined brain images, 
when compared to ones re sulting from the presentation of phy sical 
stimuli, as in our ex periments, of the s ame sort or different? So, for 
example, if I take the red stop-sign mentioned earlier and if I now ask 
a subject to imagine a red stop-sign, will the brain i mage generated 
be similar to the brain image generated from looking at the red sto p-
sign? The answer is positive. We ha ve been able to classify  the 
stimulus-driven brain im age using the imagined brain image even  
though, as one would expect, the reco gnition rates are not as go od, 
but still significant statistically. Second, and perhaps more important, 
is the earlier question, can we classify and recognize such im ages at 
all and the answer to that  is again positive. We do best, of course,  
when comparing one imagined image, for example, of the auditory 
stimulus Go against the imagined red stop-sign, that is, imagined 
image compared to imagined image of another sort. The recognition 
rates, again, are not as go od as for the  strong, and as Hume would 
say, vivid im pressions of a sti mulus, but still quite significant. (In 
this discussion, the use of the word image is not meant to imply that 
brain images have direct perceptual qualities.) 
 
Well, it is easy for me occupy too many pages with the discussion of 
our current brain research. The last examples would seem to suggest 
that we have given up  on language, but this is not so.  We think th at 
there is still much that we can do and have hopes of being able to 
accomplish. One of t he examples is showing a struct ural 
isomorphism between sentences and their generat ed brain wa ves. 
The mapping here is in terms of words to brain images of words, so 
that, for exam ple, the wo rd Paris in a sentence maps to a si milar 
brain image when the word Paris occurs in different sentences and in 
different grammatical roles. It i s easy to take this i ntuitive idea and 
give a formal definition of structural iso morphism for the 
correspondence between sentences and  their brain i mages. Exactly 
the same pro blem arises for su ch a correspondence between words 
and their phonemic or syllabic structure, and the corresponding brain 
images. Here too we have so me successes, but also problem s to 
deepen our understanding. The work done so far is not yet published. 
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I should also mention one other approach, mainly theoretical, on 
which Acacio de Barros and I have sp ent considerable time, with as 
yet nothing published. In the recent work we have been joine d by 
Gary Oas, he ad of phy sics instruction at EPGY. A great variety of 
theoretical and experimental research in biology and in physics 
shows that collections of neuro ns often beh ave as coupled  
electromagnetic oscillators that may be s ynchronized by an 
appropriate external stim ulus, or ev en by attention to an internal 
computation or imagined brain i mage. We ar e now working on 
modeling these neural oscillators by weakly coupled phase oscillators 
satisfying Kuramoto’s nonlinear equations (1984). Our initial efforts 
have focused on modeling with such oscillators the relatively simple 
but experimentally quite success ful behavioral stochastic models of 
learning, initiated by a classic paper E stes (1950). Our current work 
specifically uses behavioral models and experiments from Estes 
(1959), Suppes and Atkinson (196 0), and Suppes and Ginsburg 
(1963). We introduce sets of oscillators to represent  sets of stimuli, 
other sets of oscillators to represent sets of responses, and sim ilarly 
for reinforcements. Conceptually, we think of this modeling network 
of oscillators to be a special case of modeling more general 
associative networks. Some quite positive specific results ar e about 
to be published, but I shal l not try at this point to describe what we 
have done in more detail. 
 
It is easy to mention in closing many things we have not touched, nor 
has anyone else as y et successfully. Probably the most interesting 
example would be detailed recognition of the brain waves retrieving 
memories. For instance, retrieving words from  long-term storage 
when listening to speech or reading, or even the more co mplicated 
case of producing speech, that is, of speaking. 
 
I want to m ake a final p hilosophical remark of a ge neral sort about 
our brain research. Neural experiments, as opposed to purely 
psychological ones on m ental phenomena, are almost certain to 
encourage an empirical brand of nominalism. The reason is that the  
brain itself is not g oing to recognize, in any direct sense, an abstract 
idea or abstract concept. There m ust always be some physical 
representation. As the axiom goes in physics: all information and all 
computations are phy sical in nature. There is no no nphysical 
information and there is no nonphysical computation. So in order to 
plan anything, to think about anything, or to feel an ything, concrete 
physical representations of brain ac tivity are needed, just of the kind 
that nominalists such as Ockham, and in their own way , in the 
controversy mentioned earlier, Be rkeley and Hum e supported. The 
radical nature of this nominalism has not been adequately  absorbed 
in modern philosophy of mind. Clever philosophers will find ways to 
work around it and to hold on to their traditional and cherished ideas. 
My own prediction is that as detailed work of the kind described, and 
ever better levels of precision and depth are achieved in the futur e, 
there will inevitably be a change. The seem ingly permanent abstract 

63



mentalese of philosophy and folk psychology will be challenged by a 
deep skepticism about the actual empirical validity of this traditional 
approach. It works onl y when not to o many details are called for. 
This doesn’t mean, on t he other han d, that t he language of f olk 
psychology and of common sense will be abandon ed. Just as we 
haven’t abandoned the talk about ordi nary objects and events like 
tables, chairs, and water r unning in the kitchen, be cause of all the 
many results of modern physics. We will retain folk p sychology and 
ordinary mentalese, but that doesn’t mean we b elieve they can 
express anything like the exact scientific account of what is going on, 
or that they are adequate for anal yzing the structure and functions of 
the brain.  
 
Philosophy of Language 
 
During this period I have written a num ber of different papers in th e 
philosophy of language, but I think I will restrict my remarks here to 
one sustained effort that I enjo yed a great deal and hope to conti nue, 
even though the last paper was written in 2001. This effort is a series 
of nine pape rs written on the lear ning of robotic natural language. 
Here the effort was not with learning on the part of humans, but how 
to teach robots to understand ordinary natural language, for example, 
such commands as Put the bolt in the red box, or Get the screw, Put 
the nut on the screw, Get the large washer, or more elaborately Get 
the red screw behind the plate, which is left of the washer. 
 
The important feature of this work is that the robots ’ learning did not 
start absolutely from scratch. It was assumed they already had 
machine-language instructions for carry ing out the robo tic 
manipulations required. A demo was implemented on an “academic” 
but real robot by my former student and now successful entrepreneur 
in China, Dr.  Lin Liang.  What was important was learning how to 
interpret ordinary language in th e several machine-language levels 
used in implementation. This is a nontrivial task. To show that we 
were not simply oriented toward Englis h, and also because my two 
collaborators on most of this work were Li Liang who is Chinese and 
Michael Böttner who is Ger man, we always did e xperiments in at  
least Chinese and German as well as English. Indeed, in one paper 
we studied the learning of interpretations of the machine language in 
ten different natural languages. What does learning an interpretation 
mean? Here is the answ er. We had a set of for mal axioms for 
learning that we im plemented. As you might expect, they are 
associative in nature. Then we had axioms about changes of state in 
long-term memory using semantic categories and the semantically 
interpreted internal language already available to the robot. We also 
needed and had axioms for denota tional learning and here we had 
denotational learning computations. Given the attention that has been 
devoted to denotation in the philosophy of language and t he 
philosophy of mind, what is interesting here, and  probably most 
distinctive, are the specific denotational learning axi oms. Seldom, if 
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ever, in the o rdinary philosophical enterprise have such denotatio nal 
learning concepts been explicitly used and tested. 
 
Finally we had various co mputations using the concept o f 
congruence I introd uced in m y presidential address to the Pacific 
Division of the American Philosophical Association (1972), wher e I 
urged that a geometrical notion of meaning, using various strong and 
weak concepts of congruence, was the way to proceed without being 
obligated to adopt some single notion of synonymy. Such a notion of 
congruence is absolutely  critical to semantic parap hrase and must 
play a role, in my judgment, in any extended development of robotic 
learning of natural language. All ni ne papers were written with the 
collaborators already mentioned. What I liked was the success we 
had in using classical concepts from psychology and fr om 
philosophy of language in developi ng the ver y specific th eory 
embodied in the kind of axioms mentioned above.  
 
Education and Computers 
 
During the period running from 1979 t o 1992, really all my work in 
this area was focused on the use of  computers for instruction, what 
was called at that tim e computer-assisted instruction and now is 
described in various ways, for example, computer-based instruction. 
The important point is that there was much to be done, and I was able 
to round up resources to do a good deal of research on such teaching, 
not only in e lementary mathematics where I had star ted back in the 
1960s, but also in teaching of lan guage, such as various levels of 
teaching of English from elementary-school to freshman courses in 
college, and especially the teaching of foreign languages. Much of 
the work over a considerable period w as summarized in the book I 
edited in 1981 entitled University-Level Computer-Assisted 
Instruction at Stanford: 1968–1980. It provides an overview of what 
was done at the university  level. In fact, this 930-page book  is 
perhaps the most detailed analysis of such work published by anyone 
during the period when it began in the 1960s until the present time. 
Indeed, a book of this length will probabl y not be published in the 
future, because such extensive details will be reported on the web in 
electronic form. 
 
Over the next few y ears after 1992, I published very  little on the use 
of computers for educational purposes, but in 1992 a new effort 
began. This was the Education Program for Gifted  Youth (EPGY) 
that I, with o thers, organized at Stanford. I have served as director 
since the beginnin g, and continue to  do so toda y. The aim  is to 
provide online courses for precollege students. We are not just 
focused on the last few y ears of secondary  school b ut begin 
instruction in kindergarten in th e case of m athematics. Building on 
my earlier work,—first a series of textbooks for ele mentary-school 
mathematics in the early 1960s, then correspondin g computer-based 
courses of the sa me sort—, I revised  the materi al extensively and 
quickly created a K-7 mathematics course for EPGY, which has 
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been, up until now, the co urse with by  far the l argest enrollment. I 
list among my publications the CDs produced for th e various levels 
of that course until 2005. However, that CD-type of publication has 
now ceased, and the course is offered on the web t hrough a browser. 
It is cl ear that future dev elopments will be directly  online on the 
internet. 
 
I now have something tha t I particularly value that I did no t have in 
the extensive earlier work. This is a centralized data base from all the 
sites on whic h the courses  are being used, so we ha ve, as a r esult, 
massive files that can be used to gui de revisions of lectures and 
exercises, by analyzing student responses, and to test various  
psychological models of student learning and performance. Th e 
resulting publications are now principally being placed on the web 
site of EPGY. I look upon such electronic distribution as the primary 
method for this kind of publication in the future. 
 
I have put a lot of effort i nto EPGY from 1992 to t he present. W e 
have extensive courses in m athematics, physics, and English for 
gifted students, many of whom begin as early  as four-years old. But 
we also offe r advanced courses in mathe matics and phy sics for 
secondary-school students who are abl e first to co mplete a calculus 
course, either in t heir own local school  or with  EPGY, well before 
they graduate from high school, so that the last several y ears before 
college can be spent study ing what are really online versions of 
undergraduate mathematics and phy sics courses at Stanford, and f or 
which they get a Stanford University transcript. 
 
During this period, up until 1990, I was also CE O of Com puter 
Curriculum Corporation, a co mmercial company dedicated to 
offering computer-assisted instruction in school s. In 1990 the  
company was sold to  Paramount Corporation, primarily know for 
movies but at that ti me also the o wner of a  large nu mber of 
educational publishing houses. Retu rning actively in 1992 t o the 
development of new co mputer-based courses within the fra mework 
of Stanford had academic aspects that I very much appreciate. Here I 
mean academic in the following sense. There is no real push to create 
something that must be profitable, and it is possible to spend much 
more time on research questions. Something that is perhaps  even 
more important than anything aimed directly at published research is 
having the o pportunity to explore uses of co mputers that would be 
considered impractical in a commercial setting. Let me just give two 
recent examples on which I have been working the last several years. 
 
Beginning as long ago as the 1960s, I introduced elementary theorem 
proving on the computer to very bright elementary-school students in 
Palo Alto an d other places. The proofs focused o n are those for 
elementary theorems of arith metic, which follow from  the 
elementary axioms for the ordered field of rational numbers. In the 
beginning, only the very first part s of the natural  axioms in t his 
subject were used by  the students. This was repeated in se veral 
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different forms over many years, each year increasing the number of 
students and often havin g the course used b y older students. The 
course was then suspended for at least  ten years, and I am pleased to 
have restarted it once again in a more elaborate form. So, we are now 
offering for elementary -school grades 4 to 7 a quite elaborate 
development of t he theorems based on t he rational operations of  
addition, multiplication, subtraction, and division, and including, for 
example, the definition of absolute value and the t ricky theorems 
about absolute value and inequalities that are so useful later in 
proving the standard ε–δ theorems in analysis. 
 
As part of this effort, we also offer what is I think one of the be st 
features introduced earlier, but  now done much more thoroughly. 
The students are given a great many exercises in which the y are not 
told whether the exercise has a sentence that is to be proved by using 
theorems already proved, or is to be shown false by  giving a 
counterexample. The poi nt of the exer cises is to make the students 
think conceptually and strategically whether a given form ula can be 
proved or is a counterexam ple. If it is a counterexample, they must 
give specific num erical values to the variables to show that it is. 
Through such exercises, students learn some useful methods of 
problem analysis they might otherwise not. So as I write this, we are 
completing the new version of so mething begun more than fort y 
years ago in its first versi on (1964). This will be th e best and most 
complete version, and undoubtedly will have the most students using 
it. It will establish, in a bet ter way than in the past, the ability of able 
students in elem entary school t o learn to give ri gorous elementary 
mathematical proofs, with validity checked explicitly by appropriate 
computer programs. 
 
The second exam ple is connected with one of my most cherished 
ideas in the philosophy of language. I have al ready mentioned 
paraphrase. Both philosophers and psychologists have neglected thi s 
concept. If I hear a lecture, which I often do,—in fact one of the main 
pleasures and also problems of b eing in a plac e like Stanford is t hat 
there are too many lectures that I would like to hear each week, a nd 
now that I have a strong interest in neuroscience far too many—, so it 
is a real proble m to choose what I wan t. In any  case, when I go to 
one of these lectures and someone asks me after ward, “What was the 
lecture about?” I can, of course, not possibly repeat in serious lite ral 
detail what was said. I give  a paraphrase that varies in the coarsenes s 
of its summary, and that does not use the  exact words and phrases of 
the lecturer, but my own. This is the gl ory of paraphrase, one of t he 
great syntactic and se mantic features o f human speech not nearly 
remarked upon enough. 
 
What are the mechanis ms of paraphra se, how do we do it? Well,  
there are many things to be said, but I will not try to go into the open 
research questions that I think should be of current interest. Rather , I 
will describe a direct app lication in our current E PGY teaching of 
elementary-school language arts , English as a secon d language, and 

67



Chinese as a second language. For stud ents taking language arts in 
American schools in English, or students learning English or Chinese 
as a second language, one problem is getting them to practice writing 
large numbers of sentence s in English or Chinese, a s the cas e may 
be, to enhan ce their co mmand of the language. It i s a fact of life, 
much regretted by many of us, that it is simply the case for a large 
number of reasons that students’ writing of Engli sh in American 
schools is not evaluated very  thoroughly and concretely by teachers. 
Certainly not as much as was often the case in the past. The same is 
true of forei gn-language instruction. So the problem  is to see how 
much we can do with sophisticated com puter programs. The results, 
of course, are not going  to be perfect. But the finer points of 
grammar are not well co ntrolled by elementary-school teachers of 
language arts either. Our o bjective is to do at least as well and at the 
same time to give students extensive practice in writing. So, we have 
constructed a large sequence of li mited environments, which we can 
manage rather well in terms of hi ghly detailed analysis of what the 
student is doing. We present on the com puter screen, in any of the 
kind of cases mentioned, a fixed vocabulary  of between twenty to 
fifty words. Students can click and drag on these words to w rite 
sentences. Clicking and dragging is faster, particul arly for young 
students, than typing. We have written  very large and ver y specific 
context-free grammars for the gi ven restricted vocabulary —which 
can be quite accurate because of the restriction. 
 
We also do co mputations of paraphrase to che ck the se mantic 
correctness of students’ w ritten answers to exercises. What students 
are ordinarily doi ng is answering questions or giving a bri ef 
description of some kind. We do not expect the student to give a 
unique answer. That wo uld be inapp ropriate for any  rich use of 
language. Moreover, in most cases the given vocabulary list requires 
students to have to write something very different from what th ey 
have read. So, for exam ple, they must learn to use in proper 
anaphoric fashion the many kinds of pronominal and other anaphoric 
constructions important in English. The computation of a paraphrase 
being correct is the right se mantic approach for thi s purpose. We 
have not, in any complete sense mastered the subje ct, but we are  
continually improving our computer programs and learning ourselves 
from the mistakes students make. 
 
Because formal rules of paraphrase have not been widely discussed  
in the literature of mathematical and computational linguistics, in 
contrast to context-free gra mmars and the rules that can gener ate 
them, some brief comments at least are in order. The rules of 
paraphrase are, at bottom, semantic rather than grammatical in spirit, 
for instance, rules of deletion and gen eralization, which work this 
way. 
 

John and Mary are jogging in the park. 
Question: Where are they? 
Paraphrased answer: They are in the park. 
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In this ans wer, the information about jo gging was deleted as 
unnecessary in an adequate paraphrase. 
 

Alice is eating a plum, and Bob is eating an apple. 
Question: What are they eating? 
Paraphrased answer: They are eating fruit. 
 

These exercises are very simple, but it is easy to generate more subtle 
and difficult cases. Many  of the main heuristic principles of 
paraphrase are easy to sta te. Here ar e two exa mples, much in the  
spirit of Paul Grice’s maxims of conversation (1989). 1
 

(1) Delete information not relevant to the question asked 
or point being focused on in a conversation. 

(2) Do not add information not pr esent in the original text  
or speech being paraphrased. 2 

 
I’ll end with what I consider is the biggest failure of technological 
development of educational use of computers, one that I forecast  in 
the 1960s would be widely  used by now. This is speech interaction 
between student and com puter. Now, of course, it is easy enough to 
talk to the student with the kind of programs I have just been  
discussing and we have a great deal of audio instruction in  the 
courses. But we do not, at present, have extensive use of speech  
recognition for responses of students. This, it seems to me, is a 
significant failure, one that we actually will be able to master once 
we make a sustained effort. It is a failing that is more general than 
just our relatively  small effort at EPGY . One of the great surprise s 
that by now (2006) o perating systems for co mputers that include 
sophisticated recognition software for speech interaction have not 
been developed and more widely used than is actu ally the case . 
Certainly, in this century , one of the significant co mputer 
developments, from the standpoint of broad use, will be the reduction 
of the use of the keyboard and the natural use of the human voice to 
interact with hardware devices everywhere. As we do so, even the  
psychology of the way we think about our computers will change.  
 

                                                           
1 The first two Grice maxims (1989, p. 26) are the following: 

1. Make your contribution as informative as is required (for the 
current purposes of the exchange). 
2. Do not make your contribution more informative than is 
required. 

Surprisingly, Grice has only one short indexed reference to paraphrase in 
the 1989 volume. 
2 Systematic paraphrasing has a long and distinguished history that reaches 
back to at least late ancient times. One of the most influential examples has 
been Themistius’ self-conscious paraphrase of Aristotle’s De Anima and 
other works, written in the fourth century A.D. His paraphrastic commentary 
on the De Anima is now available in an English translation (1996). 
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Philosophy and Science 
In what I said about the earlier part of my career under this heading, I 
mentioned that I had worked both in philosophy and science, though 
from the st andpoint of research, I pri marily thought of myself as a 
philosopher of science. I think this is probably not really the most 
accurate characterization. I continue to do and continue to have great 
interest in the philosophy of science, but it is certainl y also true that, 
in many respects, more of my energy in the last quarter of a century  
has been devoted to scientific activities. A good record of these 
activities is to be found in my too lengthy 2002 book, Representation 
and Invariance of Scientific Structures. This large book summarizes 
much of the work I have done in many different areas. I think of it as 
written for technically minded philosophers of science, but the details 
go into indi vidual sciences where I have done research at variou s 
times. The two main areas are psychology, above all, and physics. 
 
I could take another line and say that a dist inction between 
philosophy of science and science is in itself incorrect. In many ways 
I am sympathetic with such a summary of Quine’s view, namely, that 
philosophy should mainly be philosophy of science and philoso phy 
of science should mainly itself be science. This is a way of saying  
that philosophy is not privy to any special methods different from the 
methods used in the sciences. I cert ainly very much agree with these 
ideas, but also think that there ar e special aspects of problems that 
are of particular philosophical in terest and often cultivated onl y by 
philosophers. Current philosophers of ph ysics do not expect to 
develop special theories of space a nd time, but rather, ma ke 
philosophical commentaries on the work done by physicists. It is one 
of the m istakes in the philosoph y of mind not to  have a sim ilar 
attitude toward psychology. 
 
The two bi g topics from psychology that I cover i n the 2002 book 
and that reflect my perennial interests are visu al perception, 
especially visual perception of space,  and learning theory . Both of 
these have vast empirical and theoretical lit eratures, extensive 
already in the nineteenth century , much of the wor k is not really 
known by most psychologists and certainly by even less 
philosophers. Many current questions are of per manent conceptual 
interest, with a strong natural philosophical aspect. I will j ust 
mention some that I discu ss in detail i n the book. First, concerning 
perception, there is the com plicated and subtle query of whether or 
not visual space is Euclid ean in ch aracter. I will n ot even try  to 
summarize the kind of answer I think is appropri ate, but refer to 
Chapter 6. Another subject in psy chology, treated even more 
extensively, is, the foundations of learning theory and, especially the 
question of whether or n ot it is possi ble to bu ild from elementary 
concepts of learning, such as association and similarity, the complex 
cognitive concepts that we think of  as higher order. In spite of the 
fact that we know very clearly  that the answer in  the case of 
mathematics to such questions is  affirmative, many psychologists 
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refuse to believe that reall y at bottom its association, as I sometimes 
like to say , all the way  down and all the way  up. But consider the 
mathematical case. An arbitrarily complex recursive function can be 
computed by a universal Turing machine with a small nu mber of 
states and a sm all number of outpu t symbols. It is one of t he 
mathematical triumphs of the twentieth century to show that such a 
reduction of computation to very simple devices is  possible. Tha t 
lesson has still not sun k in as far as it should, an d as widely as it 
should, in e ither psychology or philosophy. These matters are 
discussed extensively in Chapter 8 of the 2002 book.  
 
The two topics from physics that I kn ow something about in detail 
and can therefore write about with confidence are special relativity 
and quantum mechanics. I incl ude detailed discussions of the 
foundational literature on special relativity, but not  extended to the 
more complicated case of general relativity. A natural foundatio nal 
question is that of giving elementary axioms for special relativity and 
this I try  to survey and give one exa mple of. As  in all such la rge 
subjects, there is extensive literature  going back to the early  years of 
the twentieth century. I a m referring here not to Ei nstein’s famous 
and important 1905 paper, but actually  the attempts to give 
axiomatizations in the synthetic  and qualitative spirit fam iliar in 
geometry of the same time, i.e., axioms formulated very much in the 
style of Hilbert’s influential nineteenth-century book on foundations 
of geometry. The other topic is entanglement in quantum mechanics. 
I said enough about that already, so I need not say more here, except 
that I give a su mmary of earlier re sults in Chapter 7 of the 2002 
book.  
 
Although the book is long, there are many subjects, dear to my heart 
and about which I k now something, that I had  to leave out  for 
various reasons. The m ost important omission was to not include a 
chapter on s tatistics following the l ong chapter on  probability. I 
originally planed such a chap ter, which would  move from the 
foundations of probability (Chapter 5), and q uestions about 
probability theory in general, to the much more particular questions 
of statistics and analy sis of data. I have spent a great deal of my 
academic life analyzing data and I  certainly fully intended to hav e 
quite a bit to say about statistics in the 2002 book. But I kept putting 
off the writi ng of that c hapter and when I final ly needed it,  not 
enough had been done to i nclude in the actual publication. This is  a 
shame, because one of the great developments of the twentieth 
century was the move from probabili ty, thoroughly developed in 
many ways by nineteenth-century mathematicians starting with the 
magnificent work of Laplace at the end of the eighteenth century, to 
statistics. As a form al subject, statistics really  only began in the 
twentieth century, but much was done durin g the h undred years of 
that century. It is still t he case that  not ver y many books in 
philosophy of science discuss with any thoroughness the foundations 
of mathematical statistics and how those foundations carry over and 
affect applications. Now, I certainly admit there is n ot some Chinese 
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wall between probability theory and statistics. The concepts run back 
and forth between the two subjects, and yet, there is still a cl ear and 
important distinction that I did not represent well. 
 
The other b ig omission was not to have much more to sa y about 
statistical mechanics, which ironically is not really about statistics, in 
the sense just used, but an application of probability theory to one of 
the most important scientific cases. I said toward the end of the book 
that the subject was too difficult to present rigorously. I think now, in 
retrospect, I could have written a short chapter, certainly, not one that 
covered many topics, but, of course, I didn’t try to do anything like 
that in quantum mechanics either. The only sustained argument close 
to the spirit of statistical mechanics was the analysis in Chapter 4 of 
entropy as a com plete invariant of many isomorphic stochastic 
processes. 
 
Maybe I don’ t even think that st atistical mechanics is the second  
most important, maybe it was the o mission of what I like to call the 
ergodic theory of free will. I have written some papers about the 
application of the sort of  ergodic the ory discussed at the end of 
Chapter 4 under questions of invariance, to question s of free will. I  
am firmly convinced that many  of the tangles of com patiblism and 
incompatiblism can be r esolved by application of beautiful and 
original ideas in modern ergodic theory showing, as I like to  put it, 
the inability to distinguish between stochastic or determ inistic 
models of many natural p henomena. It is recognized that in  almost 
all of the i mportant physical cases where continuous quantities are 
measured, there must be errors of me asurement. In practice these  
errors of measurement are, essen tially without exception, b ounded 
away from zero no matter how good the experiments are. Given 
finite errors of m easurement and accom panying kinds of statistics, 
there are beautiful pro ofs, especially by Ornstein and Weiss (1991), 
of the follow ing sort of  theorem. Consider the m otion of a billiard 
ball with a convex object in the middle of the table to disturb its 
motion. For such a settin g, two theori es, the deterministic one of 
classical mechanics plus measurement errors and a stochas tic 
Markov theory, will be mathematically inconsistent as theories of the 
billiard-ball motion. But we cannot distinguish between the empirical 
correctness of them, no matter how many observations we take. This 
makes as I like to sa y, both determinism and indeterm inism in a 
universal sense transcendental, and creates the right kind of arena in 
which to discuss intentionality  and free will. It i s not possible to go 
into my analysis of such matter s here, but just to express my regrets 
that I did not include it in the 2002 book. 
 
Pragmatism  
 
There is one point about philosophy and science that I have not really 
emphasized in an y definite way, but that has become im portant to 
me. This is m y much stronger expl icit interest in pragmatism. In 
earlier years, I w as put off by  its superficially developed 

72



philosophical doctrines. They  seemed to be lacking in depth and, 
perhaps to m ake a joke, a ny serious m odel theory. But this was a 
mistake on my part. Wit h the modern move away from foundations 
as an explici t aim of most philosophical work in the science s or 
mathematics, I have com e to see that pragmatism now fits in very 
well. 
 
It is fair to say, as I have e mphasized earlier in these pages, my 
thinking about the relationship between philosophy and science for a 
very long time was in terms of constructing explicit formal structures 
that gave a detailed sense of how a particular part of science would 
look when given the kind of explicit treatment characteristic of th at 
given structures in modern mathematics. My 2002 book gave a good 
many examples of this. I a m not against those exam ples now, but 
already as I was writing the final version, I found myself moving 
toward a more pragmatic view of s cience. I will give just t wo 
examples. 
 
The first concerns how I ended u p treating the variety of approaches 
to the foundations of probabilit y in C hapter 5. Thi s is the longest 
chapter in Representation and Invariance of Scientific Structures. I 
started out, when I was wr iting a semi-final draft of the chapter, say 
five years before publication, revising material from much earlier 
years, that I would be particularly sympathetic to a Ba yesian 
approach. The more I got into it, the more I realized this was not 
really the way  I now felt. One of the things that ch anged by mind 
was when I explicitly noticed that the qualitative axioms that I lik ed, 
in terms of thinki ng about the form al foundations of subjectiv e 
probability, for instance, t he qualitative axioms for a weak ordering, 
were not restricted to subj ective ideas about probability. I could not 
imagine why I hadn’t th ought about it more clearly earlier, but, in 
any case, in the final ve rsion of Chapter 5, I made a nu mber of 
remarks that such qualitative approaches were also very  natural for 
objective propensity inter pretations of probability. I gave in t he 
chapter several examples. These examples were more in ter ms of 
qualitative axioms to construct a density, such as a discrete density 
for the geo metric distribution, or t he corresponding ex ponential 
distribution for continuous phenomena, as in the case of radioactive 
decay.  
 
Then I found something very  reinforcing. I have always liked Fred 
Mosteller’s down-to-earth approach to s tatistics and the wisdom  he 
conveys to those of us like me who are not as well educated as he is 
in all matters statistical. Well, I found in examining Fred’s wonderful 
treatise with D. L. Wallace (1964/1984) on aut horship of t he 
Federalist Papers that it reflected, in a way that I felt extraordinarily 
sympathetic to, a pragmatic approach, which I summarized at the end 
of Chapter 5. Mosteller reports that Bay esian friends asserted t hat 
much of the analy sis seemed really Bayesian, and objectivist friends 
said the sa me. So he sca rcely knew how to classif y the statisti cal 
approach he and Wallace used. 
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Reflecting on this example caused me to go back to something that I 
had looked at before, namely, what about the attitude of physicists to 
probability, especially, in that d ecisive case of modern physics—the 
probabilities that occur in quantum mechanics? So, I put in this same 
last section of Chapter 5 quotatio ns from some of the most 
distinguished physicists who worked on quantum  mechanics in the  
early days. Their wholly prag matic attitude toward probabilit y is 
evident. They didn’t really see it a s necessary, in any  sense 
whatsoever, to make a commitment to a foundationa l view, but th ey 
understood very well that  the com putational aspects of pro bability 
were exactly what they  needed fo r the new theoretical treatment of 
quantum phenomena. I’m not going to repeat here what I say there, 
but I am  trying to give a  sense of ho w pragmatism has more and 
more dominated my own thinking. 
 
The second example, of quite a different kin d, is a paper I wrote in 
1999 on pragmatism in physics, where I was concerned with earlier 
historical episodes. I began with the hi story of ancient astronomy, a 
subject in which surely  I am a rank amateur, but from which I could 
not resist drawing so me general parallels. I felt particularly 
encouraged by reading Noel Swerdlow’s attr active book on 
Babylonian astronomy (1998). I remember asking Noel, do you read  
the cuneiform tablets? His answer w as, “Of course not.” What I 
loved about that answer is that Noel is one of  the distinguished 
historians of ancient and medieval astronomy. In our conversations, 
if I speak car elessly and make a mistake about Ptolemy, he tells me 
so at once. I  love the fa ct the he ha d ventured i nto writing t his 
excellent analysis of the Babylonian attitude to planetary motion, and 
yet he himself did not  read the original texts. So, I  tried to push a 
pragmatic theory, looking at the broad history from  ancient 
astronomy to Kepler, to show ho w many concepts that were 
important to Babylonians for making omens and the like, and later, 
many aspects of Greek thought as well, were simply pushed out of 
the way and ignored. But the varied and detailed observations made 
by the Babylonian astronomers and used by Ptolemy more that five 
hundred years later, are even of som e use toda y. Ptolemy’s own 
central work was preserv ed in the tradition of a millennium  and a 
half span leading up to Kepler and including, of course, the less 
important work of  Copernicus. In this long period two im portant 
things were preserved: the observati ons reaching back to Babylonian 
times, and many of the P tolemaic methods of computation, whi ch 
Copernicus himself continued to use and were only  changed by the 
new astronomy, as Kepler called wh at he introduced. The whole 
subject was then given a much greater state of perfection by Newton,  
with the intr oduction of gravitational dynamics. But m uch of what 
Kepler and Newton did rested on the shoulders of these observational 
and calculational giants of the distant past. It i s this that  is 
pragmatic—keeping the u seful and letting go of the rest. Let me 
reformulate this last remark in a more purely pragmatic way. So what 
usually happens in the hi story of science is that which is true and 
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useful is kept, that which is fals e and useless is dropped. This leav es 
two other cases of course. What about false and useful? Well, tho se 
traditions can last a very  long time, and it is easy to cite instances of 
something that is not lit erally true but is close enoug h as an 
approximation to be very useful. (A pproximations are central to 
much important science.) And then there is the fourth case of true 
and useless. There are many banal claims that ar e true but not us eful 
and they get lost in tim e, except for the arcane int erests of a few 
benighted scholars. This i s too optimistic for a good m any political 
and social historians who do not believe in progress, but scarcely any 
serious historian of astro nomy or physics can or  does hol d their 
pessimistic position. Even m ore universally accepted is the 
recognition of the m assive progress made in astronom y and 
astrophysics since ancient times. 
 
I emphasize in saying this, I am not endorsing a pragmatic account of 
truth as usefulness. For m e they run on separate tracks that are often  
correlated, but one is not definable or reducible to the other. 
 
In 1990 I received the U.S. National Medal of Scien ce, which I was 
surprised and pleased to get. At that time very  few of the medals  of 
science had been awarded for work in the social and behavior  
sciences. I ci te the brief statement attached to the award, written , I 
am sure, by some of my friends, because I am proud of the summary 
of four decades of my work, and it may provide a quick overview for 
some readers: 
 

“For his broad efforts to deepen the theoretical and 
empirical understanding of four maj or areas: the 
measurement of subjective probability and utility in 
uncertain situations; the developm ent and testing of 
general learning theory; the semantics and syntax of 
natural language; and the use of interactive computer 
programs for instruction.” 
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