
THE REALIST-INSTRUMENTALIST
CONTROVERSY IN QUANTUM MECHANICS

Item Type text; Dissertation-Reproduction (electronic)

Authors Lazara, Vincent Anthony, 1946-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:06:07

Link to Item http://hdl.handle.net/10150/288104

http://hdl.handle.net/10150/288104


INFORMATION TO USERS 

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted. 

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity. 

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame. 

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete. 

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced. 

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received. 

Xerox University Microfilms 
300 North Zeeb Road 
Ann Arbor, Michigan 48106 



I 
I 

74-2003 

LAZARA, Vincent Anthony, 1946-
THE REALIST-INSTRUMENTALIST CONTROVERSY IN 
QUANTUM MECHANICS. 

The University of Arizona, Ph.D., 1973 
Philosophy 

University Microfilms, A XEROX Company , Ann Arbor, Michigan 

(C) COPYRIGHTED 

BY 

VINCENT ANTHONY LAZARA 

1973 

iii 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED. 



THE REALIST-INSTRUMENTALIST CONTROVERSY IN 

QUANTUM MECHANICS 

by 

Vincent Anthony Lazara 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHILOSOPHY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 3 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Vincent Anthony Lazara 

entitled The Realist-Instrumentalist Controversy 

In Quantum Mechanics 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

J-2, S 9 7j 
Dis^rtation Diret^or^ Date ^ 

After inspection of the final copy of the dissertation, the 

follov/ing members of the Final Examination Committee concur in 

its approval and recommend its acceptance:-

1̂ sLuoi. 

2-5" r  7 7 3  

5 - 2 3 - 7 3  
?- i&-  n i l  

<?// V 
/ 

V y 

This approval and acceptance is contingent on the candidate's 

adequate performance and defense of this dissertation at the 

final oral examination. The inclusion of this sheet bound into 

the library copy of the dissertation is evidence c? satisfactory 

performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the 
copyright holder. 

SIGNED: 



ACKNOWLEDGMENTS 

For my fundamental philosophical approach to the 

realist-instrumentalist controversy, I am especially in

debted to Professor Henry C. Byerly and I am deeply grateful 

to Professor Roald K. Wangsness for his many illuminating 

discussions concerning the conceptual foundations of qiiantum • 

mechanics. I would like to express special thanks to both 

of these professors for their criticisms and suggestions 

relating to this dissertation, as well as for their formal 

teaching prior to its writing. Their contributions to my 

efforts have made this a better dissertation than it would 

otherwise have been. Professors Francis V. Raab, Robert 

H. Chambers, Joseph L. Cowan, and Lars Hertzberg have also 

contributed with valuable questions and comments. My wife 

Leslie has patiently helped with the preparation and typing 

of the manuscript. I thank them all for their kindly 

assistance. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vii 

ABSTRACT viii 

CHAPTER 

I. INTRODUCTION 1 

II. THE COGNITIVE STATUS OF THEORIES 3 

Introduction 3 
Reductionism 4 
The Realist-Instrumentalist Controversy . . 10 

III. MEASUREMENT THEORY 33 

Introduction 33 
The Topological Conditions of 

Measurement: Quantitative Ordering 
Relationships 36 

The Metrical Conditions of Measurement: 
Scales 38 

Classification of Scales: The 
Mathematical Structure of Scales, 
Scale Forms, and Direct vs. Indirect 
Scales of Measurement 42 

The Instrumentalist Theory of 
Measurement 51 

Conclusion 64 

IV. THE EMPIRICAL CASE AGAINST REALISM 65 

Introduction ..... 65 
The Evidence for the Particle Assumption . . 65 
The Evidence for Wave Assumption 69 
Duality and Instrumen^alism 76 
The Wavicle Account 79 
The Particle Account 82 
The Wave Account 97 
Other Realist Alternatives 101 
Conclusion 102 

v 



vi 

TABLE OF CONTENTS—Continued 

Page 

V. THE INTERPRETATION OF THE QUANTUM MECHANICAL 
STATE FUNCTION 103 

Introduction 103 
The Concept of State in Classical 

Mechanics 103 
The Quantum Mechanical Concept of 

State 106 
The Physical Wave Interpretation of 

the ̂ r-Function 109 
Born's Statistical Interpretation of 

the ̂ -Function 118 
Operators and Expectation Values 123 
The Uncertainty Relation 126 
Reality and the State Function 131 
The Wavicle Interpretation 134 
The Particle Interpretation 141 

VI. THE QUANTUM THEORY OF MEASUREMENT 151 

Introduction 151 
The Instrumentalist's Attack on the 

Particle Interpretation 152 
The Particle Interpretation of 

Measurement 158 
Objections to the Particle Interpretation . 185 
The Wavicle Interpretation of 

Measurement 190 
Objections to the Wavicle Interpretation . . 203 

VII. DETERMINISM AND CAUSALITY IN QUANTUM 
MECHANICS 208 

Determinism in Quantum Mechanics 208 
Causality and Determinism 211 
Instrumentalism and Causality 215 

VIII. SUMMARY AND CONCLUSION 217 

SELECTED BIBLIOGRAPHY 219 



LIST OF ILLUSTRATIONS 

Figure Page 

1. The Two Slit Experiment 73 

2. The Proton Microscope 93 

3. The Diffraction Experiment 117 

4. The Single Slit Experiment 174 

5. The Experimental Uncertainty of 0 177 

vii 



ABSTRACT 

My aim in this dissertation is to defend a realist 

interpretation of quantum mechanics. Firstly, I present 

considerations based on certain general features of theories 

in the natural sciences which indicate that realism affords 

a better account of those theories than instrumentalism. In 

particular, I consider certain issues surrounding the 

cognitive status of theories, including the role of models, 

the status of scientific explanation, and the referential 

character of theoretical terms. Secondly, I develop a 

detailed realist theory of measurement based on the notion 

of quantity terms as designators of objective properties of, 

and relations among, existing entities. I contrast this 

with the leading instrumentalist theories of measurement, 

and I argue that the realist theory is the better account of 

both the logic and practice of scientific measurement. 

Finally, I consider a number of objections to realism that 

arise because of certain theoretical features peculiar to 

quantum mechanics. In the course of this discussion, I 

consider crucial experimental evidence for the "dual" nature 

of microentities, various criteria of reality proposed by 

philosophers of science, the peculiar features of quantum 

mechanical measurement, and the status of causality in 

quantum mechanics. I argue that while certain realist 
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interpretations of the quantum theory, namely the wave and 

wavicle interpretations, are unsatisfactory, an interpreta

tion which construes micro-entities as existing particles 

is a tenable account. 



CHAPTER I 

INTRODUCTION 

The theory of quantum mechanics has aroused con

siderable interest in philosophical literature. Contro

versies about the theory are frequently concerned with the 

question of whether or not a realist or instrumentalist 

interpretation of quantum mechanics is preferable. My 

primary objective in this dissertation will be to defend 

realism in quantum mechanics against the most prominent 

objections that have been raised to it. The scope of this 

defense shall be restricted to the now standard, non-

relativistic quantum mechanical theory, because there is no 

general relativistic quantum mechanical formalism and no 

general quantum electrodynamical formalism with respect to 

which one can engage in any detailed philosophical argumenta

tion. 

Considerations relevant to the realist-

instrumentalist controversy in quantum mechanics involve 

a broad range of issues related to the cognitive status of 

theories and measurement theory, in addition to those issues 

that arise with respect to the theoretical features peculiar 

to the quantum theory. Commentators on the realist-

instrumentalist controversy in quantum mechanics have often 

1 
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ignored the considerations which arise at those more general 

levels of inquiry, but one can not adequately assess the 

status of quantum mechanics with respect to both realism 

and instrumentalism apart from those considerations. 

In the second two chapters of the dissertation, I 

shall argue that realist interpretations of quantitative 

theories in the natural sciences are preferable to 

instrumentalist interpretations. Then in the remainder 

of the dissertation, I shall go on to argue that realism is 

tenable at the quantum mechanical level despite the features 

peculiar to that theory. 



CHAPTER II 

THE COGNITIVE STATUS OF THEORIES 

Introduction 

The general pattern of scientific explanation within 

the natural sciences is to deduce certain empirical proposi

tions, or predictions, from one's theory (in conjunction 

with other relevant empirical propositions, or observation 

statements). By employing the laws of deductive logic, one 

can go on to judge whether or not in each case the theory is 

disconfirmed (in the event that all one's observation state

ments are true but the prediction is found to be false) or 

confirmed to some degree (in the event that all one's 

empirical propositions are true). The question that arises 

at this point, however, concerns the cognitive status of the 

theories thus employed, i.e., one must inquire whether or 

not the theories themselves can be construed as assertions 

that have a truth value. This question becomes particularly 

troublesome when one considers the fact that theories 

involve extraordinary linguistic terminology, or theoretical 

terms, which do not appear to refer to any "directly 

observable" properties, entities, or processes, as the 

subject and predicate terms of one's empirical propositions 

appear to do. 

3 
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Three views on the cognitive status of theories 

which have enjoyed popularity in various forms among 

philosophers of science are reductionism (or descriptivism), 

instrumentalism, and realism. We shall now consider each in 

its turn, although it must be noted that given the 

complexity of the controversy between the proponents of 

these views, the virtually inexhaustible quantity of 

literature centering around it, and the fact that there is 

no generally recognized resolution to the problems raised 

therein, the following treatment is an attempt to touch upon 

the more philosophically significant and interesting aspects 

and formulations of those views, rather than an attempt to 

be exhaustive. 

Reductionism 

This position may be generally characterized as the 

view that theories can be reduced to. in the sense of 

translated into. observation statements. In the most 

extreme form of reductionism, it is maintained that 

scientific theories, if validly based upon empirical data, 

must be translatable into statements about "sense-data," 

i.e., the immediate contents of sensation according to the 

phenomenalistic epistemologists. Against this view, one 
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can marshall all the standing arguments raised against 

phenomenalism. ̂ 

In less extreme formulations of reductionism it is 

claimed that theories are reducible to, or translatable 

into, the "physical-object" observation statements of 

ordinary discourse, so that the difficulties encountered 

with respect to "sense-data" are circumvented. However, 

both versions of reductionism nevertheless fall prey to 

certain other crucial objections in the light of which they 

have been almost universally rejected. The main diffi

culties with these reductionist positions center around the 

notion of translatabilitv. Ordinarily, when one asserts 

that a statement in one language can be translated into a 

second language, he means that there is a specifiable 

statement in that second language, or some specific con

junction of such statements, that are equivalent in meaning 

to the original statement. Undertaking such translations 

is routine procedure for students of foreign language. For 

such translations to be possible from one's theoretical 

language into the language of sense data or that of everyday 

experience, however, it would be necessary for each 

theoretical term to be introduced by means of explicit or 

1. Due to the fact that sense data theories have 
been extensively criticized and almost universally abandoned, 
I shall not offer any arguments against phenomenalism; 
see Ernest Nagel, The Structure of Science (New York: 
Harcourt, Brace and World, 1961), pp. 121-122. 



substitutive definition, or for theoretical statements to be 

introduced by means of equivalent non-theoretical state

ments. But to anyone who has examined the history of 

scientific theories, it is obvious that theoretical terms 

are not so introduced. Since this fact is recognized by 

the supporters of this position, they have gone on to claim 

that such translations are at least "possible." However, 

as both Ernest Nagel and Carl Hempel have pointed out, no 

one has ever succeeded in carrying out one of these trans

lations and such attempts have been largely abandoned, so 

that one is led to conclude along with Nagel that the posi

tion is at best a "doubtfully realizable program for future 

2 analysis." Furthermore, it has been argued by R. B. 

Braithwaite that in the event all the theoretical terms of 

one's theory could be explicitly defined by means of 

observational terms, the theory would be incapable of 

extension by means of prediction to any new observational 

data, and hence would not be a genuine scientific theory, 

since the latter are by their nature required to accommodate 

such growth without any radical change in the meaning of 

3 
their terms. 

2. Nagel, The Structure of Science. Ch. 6; Carl G. 
Hempel, "The Theoretician's Dilemma," in Minnesota Studies 
in the Philosophy of Science. Vol. 2, Herbert Feigl, Michael 
Scriven, and Grover Maxwell, eds. (Minneapolis: University 
of Minnesota Press, 1957), sect. 7. 

3. R. B. Braithwaite, Scientific Explanation 
(Cambridge: Cambridge University Press, 1955), Ch. 3. 
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A weaker version of reductionism is the thesis that 

while all theoretical terms and statements may not be 

translatable into either an observational or sense-data 

vocabulary, it is still possible to formulate reduction 

definitions of all theoretical terminology by means of 

conditional statements that exhaust the empirical content 

of the original terms. The position can be explicated using 

the theoretical^proposition "this metal bar is magnetized," 

which we call "M." Rendered in terms of a conditional 

reduction definition, the equivalent statement is "M if and 

only if when a piece of iron is placed near the metal bar, 

it is attracted to that bar," whicn we can symbolize as 

"M=(PDA)," where "PDA" stands for "if the piece of iron 

is placed near the metal bar, then it is attracted towards 

it," and the connectives " = " and "3" are given their usual 

truth functional interpretation. (This interpretation is 

employed because no one has developed a clear and generally 

acceptable interpretation in terms of causal or nomological 

necessity, as Hempel has pointed out.^) But such a defini

tion fails to achieve its end, for Rudolf Carnap has shown 

that it encounters the following fatal difficulty. The 

conditional proposition "PDA" is false only when "P' is true 

and "A1 is false, so whenever is false the entire proposi

tion is true. But since it is logically equivalent to"M," 

4. Hempel, "The Theoretician's Dilemma," p. 51. 
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'M'is true whenever 'T" is false. Thus, the definition pro

posed above commits us to holding that the metal bar is 

magnetized whenever no pieces of iron are placed near the 

bar, and this is clearly unacceptable. In order to meet 

this difficulty, the reductionist might appeal to Carnap's 

bilateral reduction sentences. In keeping with our example 

above, such a sentence would be formulated as "if the piece 

of iron is placed near the metal bar, then the metal bar is 

magnetized if and only if the iron is attracted to it," 

which we symbolize as "PD(MsA)." Unfortunately, this will 

not do as an exhaustive characterization of 'M"in observa

tional terms, for it fails to associate any meaning with "M" 

in the event that no piece of iron is placed near the metal 

bar, while magnetic theory demands that "M" have meaning apart 

from this particular test for magnetism. In fact, this 

method has been taken to show that by means of bilateral 

reduction sentences one can at best hope to partially 

specify the meaning of theoretical expressions in observa

tional vocabulary. 

In the face of such obstacles, still another version 

of reductionism has emerged. This thesis states that 

translations of theoretical statements can be carried out, 

since for every theoretical statement there is an equivalent 

class of observation statements. By such a maneuver, pro

ponents of this view hope to escape the predicament of 

exhausting one's theory of predictivity and giving one's 
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terms meaning with respect to only one test situation, for 

now one does not tie the meaning of his theoretical terms 

exclusively to past experimental data and observations, but 

admits the possibility of assimilating ever new discoveries 

into the indefinite extension of the classes employed. It 

must be noted, however, that in such a formulation of 

reductionism there is a marked shift in the meaning of 

"translatable" from the ordinary sense appealed to in the 

original versions of the thesis. For now, while the class 

of observation statements into which one's theory is 

allegedly translatable is by hypothesis equivalent to that 

theory, it is a class whose members are incapable of 

specification in variety as well as in number. Not only 

has no one demonstrated that such a "translation" is 

possible, but due to the peculiar notion of translatability 

here involved, it is not at all obvious what would count as 

establishing this thesis. Furthermore, it seems that the 

reductionist who construes translatability in terms of 

"equivalence" thereby commits himself to the view that 

theories are true if and only if the indefinite set of 

equivalent observation statements are true, and false if 

and only if the latter is false. Thus, this position is at 

least prima facie a version of realism. And if he refuses 

to ascribe truth and falsity to theories either because he 

construes the notion of equivalence in terms of syntacrical 

rules alone, reserving ascriptions of truth values for 
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empirical propositions, or because he regards theories as 

true or false only insofar as translations are actually 

advanced or established for them but recognizes that they 

are wanting, then his position seems to fall into the 

instrumentalist's camp. Since reductionism appears to 

collapse into either instrumentalism or realism when it 

accommodates the previously discussed objections to it, we 

shall now turn our attention to the realist-instrumentalist 

controversy. 

The Realist-Instrumentalist Controversy 

The central issue in the debate between the realist 

and the instrumentalist is whether or not theories are to be 

construed as collections of statements that have a truth 

value such that if they are true, their nonlogical expres

sions refer to existing "theoretical entities." Realism can 

be generally characterized as the thesis that scientific 

theories consist of statements the truth status of which is 

on a par with observation statements. When a theory is 

highly confirmed, being supported by a large body of 

empirical evidence, the objects (theoretical entities) 

postulated by the theory are regarded as actually existing 

entities. On this view, theories are literally falsified if 

they yield false predictions, and verified to some degree if 

they yield true predictions. Since the predictive potential 

of significant theories is never exhausted, they are never 
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regarded as more than probably-true relative to the evidence 

at hand. Instrumentalism can be characterized as the view 

that scientific theories are neither true nor false in any 

sense of corresponding with actual state of affairs, but only 

provide rules or principles enabling one to organize data 

and make predictions. So according to the instrumentalist, 

scientific theories are simply logical instruments or tools 

for deriving certain sets of observation statements (pre

dictions) from others (data). Insofar as theories do not 

correspond with matters of fact, then, the entities men

tioned therein are regarded as mere theoretical fictions in 

the sense that they do not really exist or exist in some 

different sense than ordinary objects, and only aid one in 

organizing his data. Depending upon the amount of empirical 

support for a theory, in terms of it yielding true observa

tion statements, it is regarded relative to other theories 

as a more or less useful tool for scientific inquiry.^ 

It would seem, at least prima facie, that the 

realist is correct since scientists generally speak as if 

their theories are genuine assertions. For example, they 

apply terms such as verification and falsification to their 

theories, and talk about theoretical entities such as atoms 

5. It should be noted that in characterizing both 
the instrumentalist and the realist views I have attempted 
only to pick out the essential point of disagreement between 
the two positions. Within each of these two camps, however, 
many different versions of each view can be found, particu
larly among instrumentalists. 
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as if they actually do exist. But it must be noted that the 

controversy between the realist and instrumentalist is 

philosophically interesting because it is a debate about how 

one is to best understand the nature and role of scientific 

theories, and not merely an inquiry into modes of speech. 

Hence, one must not rest content until he has probed beneath 

the surface of the discourse commonly used by practicing 

scientists. Keeping this in mind, let us now go on to 

consider some of the objections that instrumentalists have 

raised against realism. 

One of the major objections raised against realism 

concerns the fact that theories generally contain terms for 

which there are no correspondence rules linking them to any 

experiment. For example, while there is a correspondence 

rule in the kinetic theory of gases for the expression "the 

average value of the velocities of all the molecules in a 

given volume of gas," so that one can go on to indirectly 

measure this value, there is no such rule for the expression 

"the velocity of an individual molecule of the gas," 

although it is assumed in the theory that there is such a 

velocity. In the absence of association with experimental 

notions, it is claimed that such terms are in effect 

logical variables, so that the theories into which they 

enter are only statement forms and not statements, being 

incapable of characterization as true or false. Thus it has 

been argued that the grammatical form of theories alone 
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precludes their being construed as assertions having a truth 

value. Secondly, critics of realism have claimed that 

theories are often formulated in terms of "ideal concepts" 

or "limiting concepts," such as "instantaneous velocity" in 

mechanics, or "engine efficiency of one" in thermodynamics, 

which do not designate or characterize anything in 

existence. And since factual statements are ordinarily true 

or false in virtue of some specified relations between 

existing things and events, or between the properties of 

such things and events, the criticism continues, these 

theories can in no clear sense be regarded as having a truth 

value. A third obstacle raised against the realist's 

interpretation of theories is the fact that different 

theories are sometimes applied to the same subject matter. 

In dealing with gases, for example, physicists might employ 

a microscopic theory wherein the gas is treated as an aggre

gate of discrete particles for thermodynamic considerations, 

while they might employ a macroscopic theory which treats 

the gas as a continuous medium for acoustical considera

tions. Also, physicists will use Newtonian mechanics when 

dealing with particle motion involving relativistically 

low velocities, while they will apply relativistic 

mechanics to the same particles if they move at speeds 

approaching that of light. Since physicists readily employ 

varying theories for different classes of problems in this 

complementary fashion, it appears that the theories cannot 
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be construed as assertions, for then they would be in

compatible instead of complementary, and hence inapplicable 

to the same subject matter. 

In reaction to the above objections, many philoso

phers and scientists have come to favor the instrumentalist's 

position, for it simply avoids all those difficulties. The 

fact that theories may incorporate terms that neither 

describe nor designate, i.e., the "limiting" or "ideal" 

concepts mentioned earlier, and terms that are not linked 

with experimental notions is taken by instrumentalists as 

support for the view that theories are better interpreted as 

instruments of inquiry than as objective accounts of 

reality. As long as a theory is not construed as assertive, 

it can fulfill its role, that of tying together experimental 

data and making predictions, regardless of whether such 

terms are present. Furthermore, from the instrumentalist's 

viewpoint it becomes incontrovertibly legitimate to apply 

varying theories to different classes of problems surround

ing the same subject matter. By interpreting them as 

mutually complementary instruments of inquiry, or different 

techniques for relating diverse data and making predictions 

about different features of the same system, one avoids the 

realist's predicament of labeling the theories inconsistent. 

Additional support for instrumentalism, it is some

times claimed by its advocates, derives from Craig's theorem 

in formal logic. William Craig has shown that for any 
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formalized theory T which incorporates both a theoretical 

vocabulary V and a non-theoretical vocabulary 0, there is a 

formalized system T* incorporating only the non-theoretical 

vocabulary of T( i.e., T* effects the same deductive connec

tions among those sentences S expressible in 0 as does T. 

It is then suggested that T* can replace T since the two 

systems have the "same empirical content," i.e., the same 

observational consequences, it having been shown that any 

observation statement S is a theorem of T if and only if it 

is a theorem of T*. It should be noted at this point that 

these considerations in no way support the reductionist's 

thesis, for what is at stake here is not the translation of 

theories into sets of observation statements, but rather the 

replacement of formal theoretical systems by other formal 

systems containing no theoretical terms. (In fact, no 

question of equivalence of meaning between T and T* arises, 

if T is itself left uninterpreted by the instrumentalist. ) 

It is concluded that theoretical terms (or V) are dispensible 

for science, so that it becomes superfluous to interpret 

one's theory T as assertive, for it is at best a tool 

facilitating prediction and organizing data. 

Now that I have discussed the main considerations 

supporting instrumentalism as a general view of scientific 

theories, I shall go on to examine some of its weaknesses, 

beginning with the issues surrounding Craig's theorem. Most 

commentators on the realist-instrumentalist controversy have 
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concluded that Craig's theorem does not actually support the 

claim that theories, and hence theoretical terms, are dis-

pensible for science, and this conclusion becomes obvious 

upon examining the following considerations. 

First of all, Craig's methods apply only to 

formalized theories while scientific theories are not formal 

systems. And as Craig himself has pointed out, even fairly 

rigorous scientific theories such as those found in physics 

are "practically impossible" to systematize due to the 

"speed with which the subject changes and the co-existence 

£ of competing theories, among other factors." Regarding 

this point, J. J. C. Smart and others have suggested that 

the systematization of a theory might actually be detrimental 

7 
to the advancement of science for the following reason. 

When a new experimental fact not predicted by one's theory T 

is discovered, one attempts to modify his theory as little 

as possible so as to accommodate such data. But if T is an 

axiomatized theory, its modification in the light of new 

evidence does not seem possible; rather, one would have to 

construct a new theory T* by means of re-axiomatization each 

time such data were discovered, and replace T by this new 

6. William Craig, "Replacement of Auxiliary Terms," 
Philosophical Review. Vol. 65, 1956, p. 44. 

7. J. J. C. Smart, Philosophy and Scientific 
Realism (London: Routledge and Kegan Paul, 1963), p. 28. 
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system T*. However, let us assume for the sake of this 

discussion that we are dealing with an actual formalized 

scientific theory T, and dismiss Smart's objection so that 

we can go on to examine the other objections that can be 

raised against the view that theories are dispensible. 

In the second place, it turns out that the axioms 

of our new system T* are merely reformulations of all the 

true observation statements entailed by theory T. The 

resulting number of such axioms is in general infinite, and 

particularly so for any significant physical theories, 

entailing as they do a potentially infinite number of 

observation statements. Although there are cases in which 

an infinite number of axioms is not detrimental to an 

enterprise, e.g., when one's axioms are designated by 

axiom-schemata, the system T* represents no such case since 

g 
its axioms are specified by a method vastly more intricate. 

The upshot of these considerations is that the "replacement" 

T* turns out to be a practically unmanageable system for 

scientific inquiry. Once again as Craig himself notes, the 

axiomatization of T* is such that "it provides no genuine 

insight," failing as it does to simplify subject matter and 

fulfill the ordinary purpose of axiomatization which is to 

express the content of the system T* in a psychologically 

8. For the details of this method, see Craig, 
"Replacement of Auxiliary Terms." 
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9 
more perspicuous form. These features of T* show that one 

can use it as a replacement of a theory T only in a trivial 

and useless sense. 

Thirdly, upon examining the method employed in 

axiomatizing T*f we find that the procedure assumes a 

knowledge of T to begin with. And although one need not use 

the theoretical terms of T in T* f one does need to at least 

refer to the names of its theoretical entities, i.e., one 

must mention them in T*. Hence, Craig's method in no way 

provides a means of inventing new systems independently of 

existing theories. So even if reference to the theoretical 

entities of T were avoided after the theory itself had been 

employed in the process of elimination, it would not follow 

that the reality of any theoretical entities postulated by 

the theory was undercut, i.e., the replacement of T by T* by 

Craig's method has no ontological consequences. 

Fourthly, Craig's theorem focuses attention only 

upon the deductive role of scientific theories. But as 

Hempel has shown in some detail, a theoretical system T, in 

contrast to the proposed replacement system T*, can be 

employed in making transitions from sets of observational 

data to observational predictions using methods involving 

inductive intermediary steps, a.practice that is routine for 

9. Craig, "Replacement of Auxiliary Terms," p. 49. 
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scientific inquiry.^ If one regards inductive procedure as 

an integral part of scientific explanation, it follows that 

T* cannot successfully replace T. 

As Nagel has pointed out, although Craig's theorem 

does not show that theories or theoretical terms are dis-

pensible for science, instrumentalists might still argue 

that these considerations at least show that theories are 

important because of their instrumental role in organizing 

and predicting matters of observational fact, and not 

because they may be assertions that have a truth value.^ 

However, it does not follow from the fact that theories are 

important for their predictive potential and hence useful 

in the organization of empirical data that they are not 

better understood as assertions that can be studied for their 

truth value as well as their use. In fact, when one con

siders the following aspects of instrumentalism, it seems 

that the realist receives a measure of support for his view 

even when attention is focused on the deductive methods of 

science. 

Instrumentalists, like realists, recognize that 

theories (T) entail or logically imply various observation 

10. Carl G. Hempel, "Operationism, Observation, and 
Theoretical Terms," in Philosophy of Science. Arthur Danto 
and Sidney Morgenbesser, eds. (New York: Meridian Books, 
World Publishing Co., 1960), pp. 78-80. 

11. Nagel, The Structure of Science, p. 137. 
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statements ^2^ when conjoined with other observation state

ments (0^). This can be symbolically represented as follows: 

't • 0^ =5>'o^V ̂  It is also noted that this schema is 

1 l r T 
equivalent to the following: T =t> 0^ D O2. Instrumentalists, 

as opposed to realists, go on to ascribe truth only to 

observation statements such as 0^, and r0^ D 0^, and 

regard T, which contains theoretical terms, as a mere 

r "i 
instrument for cranking out predictions such as 0^ ^ ̂2* 

In order to consistently refrain from labeling T as true or 

false, instrumentalists must restrict their interpretation 

of validity (and thereby those of logical implication and 

entailment) to a strictly formal criterion. That is, they 

must offer only a syntactical criterion for validity and 

refrain from introducing the usual semantical notion whereby 

an argument is valid if and only if the truth of its 

premises (here T) entails the truth of its conclusion (here 

P 1 
0^ D * From the realist's point of view, cutting off 

such a semantical interpretation seems to be an artificial 

and arbitrary move on the part of the instrumentalist. 

In addition many instrumentalists have explicitly 

rejected any semantical interpretation of theoretical terms 

and regard them as devoid of any real reference, being 

merely auxiliary "marks on paper" or extralogical constants 

serving as convenient symbolic devices for making 

12. A =t> B is interpreted as A entails B, A 
logically implies B, or B follows validly from A. 
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transitions from one set of experiential statements to 

another. This view is in marked contrast to that of the 

realist who regards such terms as referential. This 

divergence in opinion between realists and instrumentalists 

about the referential character of theoretical terms leads 

to a related dispute over the role of models in the inter

pretation of scientific theories. Before contrasting the 

various philosophical positions on this issue, it will be 

necessary to sort out different senses of the term "model." 

Upon inspecting the literature surrounding this dispute, it 

seems that much of the controversy about the role of models 

stems from a failure to make such distinctions. 

I will begin this task by distinguishing between 

13 
model-structures and model-objects. A model-structure is 

a definitely specifiable schema of mathematical-logical 

relationships which is exhibited by and can be abstracted 

from a set of objects. Any set of objects which exhibits 

a model-structure constitutes a set of model-objects. With 

respect to any particular scientific theory, there may be a 

variety of model-objects that scientists employ for various 

purposes. For example, in the kinetic theory of gases, one 

can distinguish the following. Firstly, there is the set of 

molecules themselves, the theoretical entities which we shall 

13. For further detail in this regard, see Henry C. 
Byerly, "Model-Structures and Model-Objects," British 
Journal for the Philosophy of Science. Vol. 20, 1969, pp. 
135-144. 

i 
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label the theoretical model-objects. Secondly, a number of 

static and dynamic models were proposed at different stages 

in the development of the theory, such as Bernoulli's model 

wherein the molecules were conceived of as a large aggregate 

of particles in random, rapid motion. Models such as these, 

having a familiar model-structure, are used to extend the 

range of applicability of a theory or to render it more 

accurate within its range of applicability by exploiting 

their model-structures in the area of positive analogy with 

that of the theoretical-model objects. It is generally 

recognized that certain features of these model-objects are 

dissimilar to the theoretical model-objects. Such models 

will be labeled analogue model-objects. Finally, when a 

theory is used where it is known to be only a simplifying 

device, in order to render a subject matter more familiar 

with respect to better understood laws, we find archaic 

models being used. For example, when the theory of heat 

flow is judged to be a sufficient approximation to kinetic 

theory, scientists will speak of employing a heat flow model 

to predict phenomena. In such cases, although there are 

significantly different theoretical model objects, they 

share certain formal properties, i.e., they have model 

structures that are similar in relevant respects, so that 
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the one theory may be used in place of the more accurate 

theory in certain cases.^ 

Realists and instrumentalists are in general agree

ment about the role of both analogue model-objects and 

archaic models, recognizing their didactic and heuristic 

roles as well as their utility in extending theories. 

However, their opinion diverges over the nature and role of 

theoretical model-objects in interpreting a theory. As 

noted above, instrumentalists are committed to the view that 

theoretical terms, which designate the theoretical model-

objects, their properties, and relations, are devoid of any 

empirical reference to existing physical objects or to actual 

properties and relations. In short, these terms are not 

regarded as descriptive in any way. Any interpretation of 

the theoretical formalism in terms of theoretical model-

objects is thus viewed by instrumentalists as strictly 

unnecessary for science. From the realist's point of view, 

however, the instrumentalist is committed to a rather 

fantastic account of scientific theories in cutting off any 

ontic commitment to theoretical model-objects. In the first 

place, it seems to be an unbelievable coincidence that from 

semantically uninterpreted formal systems one can derive 

true factual statements. Secondly, by repudiating the 

14. It should be noted that the above listing of 
model types is not intended to be exhaustive, nor are the 
kinds mentioned necessarily mutually exclusive. 



existence of the theoretical model-objects, instrumentalists 

seem to deprive scientific theories of any real explanatory 

power. For if there is no ontological link (such as 

molecules in motion) between different phenomena (such as 

the increase in the pressure of a gas and a rise in the 

temperature of that gas at a constant volume), one is 

saddled with a vast number of coincidences among observables, 

there being no real understanding, and hence no explanation, 

in terms of any genuine relations between the phenomena. 

But at this point an instrumentalist might reiterate those 

previously mentioned obstacles to interpreting theories as 

true or false statements, and argue that his position at 

least avoids such difficulties. A realist, however, can 

reply to those objections as follows. 

With respect to the alleged grammatical difficulty 

that theories are generally statement forms and not state

ments , realists can simply deny that theoretical terms for 

which there are no correspondence rules do function as 

variables, i.e., they can insist on regarding them as extra-

logical theoretical constants. For example, they can 

insist on regarding expressions such as "the velocity of an 

individual gas molecule" as having referential status and 

hence functioning as a constant on a grammatical par with 

terms such as "the average velocity of all the molecules of 

the gas." If this seems unacceptable, the objection can 

still be overcome by a purely formal device first proposed 



15 
by Frank Ramsey. This method consists in existentially 

quantifying over those terms occurring in expressions as 

"free variables," so the resulting expression meets the 

formal requirements of a statement and the observational 

consequences of the theory are not thereby altered. As 

Hempel has pointed out, it might be thought that Ramsey's 

method, when it treats all theoretical terms as existen

tially quantified variables so that all the extralogical 

constants of a theory belong to the observational 

vocabulary, effects the elimination of reference to theo

retical entities. But this procedure does not eliminate 

theoretical reference since, on a Quinean type reading of 

the existential quantifier, the Ramsey formulation of the 

theory explicitly asserts that the entities postulated by 

the original theory exist. Thus, if any philosophical 

consequences follow from the introduction of Ramsey 

sentences, these would support rather than undercut the 

Realist's position. 

In the next place, there are two possible lines of 

argument against the objection the theories cannot be 

15. Frank P. Ramsey, Foundations of Mathematics 
(Totowa, New Jersey: Littlefield, Adams and Co., 1965), 
pp. 212-236. 

16. For example, when a theory tells us "a given 
electron is in a certain state and there is a certain 
probability of finding it at a certain location," we can 
symbolize this by " ( S^e* P-^e ). " Then, using Ramsey's method, 
we can eliminate the occurrence of the term "e" for the 
electron by quantifying as follows: (3x)(S^x-P^x). 
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significantly termed true or false because they often employ 

17 
limiting or ideal concepts. Firstly, a realist can simply 

challenge the claim underlying this objection, which is that 

limiting concepts do not characterize anything that actually 

exists. If theories postulating things such as "instantane

ous velocity" are highly confirmed, then according to the 

realist there is good reason to regard such limiting concepts 

as designating characteristics of things and processes. 

Secondly, one might admit that in many cases limiting and 

ideal concepts are simplifying devices which are employed be

cause the characteristics of existing things are either not 

distinguishable in practice from these idealizations or be

cause they differ only negligibly. Yet any theory, insofar 

as it is accurate, actually accounts for genuine properties 

of things and processes, i.e., when one's idealizations do 

not lead to agreement with observation, then they are regarded 

as inaccurate and an improved theory is sought by scientists. 

Lastly, against the objection to realism based on 

the fact that different theories are often used for the same 

subject matter, realists can offer the following reply. 

Although incompatible theories may be used at various times, 

this practice is only a temporary expedient until an over

all, comprehensive theory is devised. Also, while certain 

theories that may be generally falsified (e.g., Newtonian 

17. See Nagel, The Structure of Science, pp. 142-
143, for further elaboration of these considerations. 
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dynamics) continue to be used as useful approximations in 

certain domains since the newer, more general theories 

(e.g., relativistic mechanics) are more cumbersome to use 

in those cases, they are nevertheless dismissed by scientists 

as serious competitors for scientific explanation. In fact, 

scientists are inclined to seek universal theories, being 

dissatisfied with convenient but mutually exclusive theories, 

and such practices seem to be inconsistent with the view the 

theqries are merely instruments for prediction and data 

organization. For if they were just instruments, then 

specific theories, well adapted to each purpose, would 

suffice for the scientific enterprise. Hence, actual 

scientific procedure with respect to the co-existence of 

various theories seems to support the realist's thesis 

rather than that of the instrumentalist. 

Although the foregoing considerations seem to 

support realism over instrumentalism, philosophers such as 

Nagel have concluded on the basis of similar evidence that 

the controversy between the two positions is actually 

nothing more than a mere verbal dispute or conflict over 

18 
"preferred modes of speech." The realists, it is stated 

on the one hand, can go on claiming that theories are best 

understood as assertions having a truth value in addition 

to an instrumental role, being falsified or verified in the 

18. Nagel, The Structure of Science, p. 152. 
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light of empirical evidence, and offer the above replies to 

the instrumentalist's objections raised earlier. It is 

noted on the other hand that instrumentalists can continue 

to deny that theories are true or false, asserting that 

empirical evidence only points to their success or failure 

as scientific principles for prediction. If realists find 

phenomena puzzling and in a sense unexplained from this 

point of view, then so much the worse for them because 

instrumentalists find appeals to unobserved entitites to be 

equally unacceptable from their own viewpoint. 

It is my contention that such an assessment of this 

controversy is mistaken. In the first place, as Paul 

Feyerabend has pointed out, it does not follow from the 

fact that proponents of either instrumentalism or realism 

can continue to make ad^ hod adjustments of their positions 

in the light of criticism that each can account adequately 

19 
for the facts concerning scientific inquiry and procedure. 

Rather, one ought to evaluate the two positions in the light 

of which can best avoid crucial objections by means of the 

least artificial moves. From this perspective, then, it 

would appear that the considerations adduced thus far 

support realism over instrumentalism. 

19. Paul K. Feyerabend, "Review of Nagel's Struc
ture of Science." British Journal for the Philosophy of 
Science. Vol. 17, 1966, pp. 247-249. 
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Secondly, one could not dismiss the dispute as 

verbal if it involves an ontological controversy over the 

existence of theoretical entities. But some philosophers 

have attempted to show that this aspect of the debate 

between realists and instrumentalists is also terminological 

in nature. It is noted by such commentators that the 

question of what is "real" or "exists" is a notoriously 

ambiguous one, so they turn their attention to sorting out 

20 
different senses of the term "exist." These senses are 

distinguished via the different criteria brought to bear in 

different cases in order to establish the existence of 

whatever is in question. But such an approach is fatally 

undercut in the light of the criticism Grover Maxwell has 

adduced against it, namely, that it confuses meaning with 

21 
evidence. It does not follow that because different kinds 

of evidence are relevant in deciding whether or not a table 

exists or an electron exists that these two things exist in 

different senses. In fact, if one does employ the criteria 

for applying the term "exist" as defining characteristics, 

Maxwell argues that one is thereby committed to regarding 

20. For examples of this approach see Gustav 
Bergman, "Physics and Ontology," in his Logic and Reality 
(Madison: University of Wisconsin Press, 1964), pp. 108-123; 
Nage.1, The Structure of Science, pp. 145-152; and Stephen 
Toulmin, The Philosophy of Science (London: Hutchinson and 
Co., 1953), pp. 120-125. 

21. Grover Maxwell, "The Ontological Status of 
Theoretical Entities," in Minnesota Studies in the Philoso
phy of Science. Vol. Ill (Minneapolis: University of 
Minnesota Press, 1962), pp. 20 ff. 
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existence as a property or predicate. in violation of the 

long standing philosophical injunctions against such a view. 

We can therefore conclude with Maxwell that the case for a 

merely verbal ontological controversy has force only when 

the meanings of the terms "reality" and "existence" are 

"twisted far beyond any reasonable meanings which these 

22 
terms might be given." What can be done to clarify the 

meanings of the terms "real" and "exists" pertinent to the 

controversy over theoretical entities is, as Maxwell notes, 

to simply "lay out" the fundamental, ordinary, univocal 

sense of these terms as follows. To say "jzC's are real" is 

by definition to say V's exist," and to say the latter is 

by definition to say "there are 0's." The meaning of the 

claim that there are ^'s cannot be analyzed in terms of any 

clearer notions even if we want to inquire further into the 

question of how we verify or confirm such claims in 

problematic cases. 

Even after such arguments have been noted, however, 

philosophers might still be reluctant to accept the view 

that theoretical entities, for example electrons, exist 

in the same way or sense as objects of everyday experience, 

e.g., trees, though not denying that they may "exist" in 

some sense. For one might argue that the way we come to 

know that theoretical entities "exist" is very different 

22. Ibid., p. 21. 
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from the way we know that the objects of everyday 

experience exist, and this might be interpreted as evidence 

that they are of ontologically different kinds, that is, 

that they exist in different senses of the term. Such an 

argument, however, seems to be based on a failure to 

distinguish between epistemological and ontological dif-

23 
ferences. Ordinary objects are indeed epistemologically 

prior to theoretical entities in that ordinary objects are 

taken in scientific practice as "given. 11 Stones and trees 

are given in the sense that in the course of scientific 

investigation no serious question is raised as to whether 

they exist or not. Appeal to the behavior and properties 

of ordinary objects themselves is required as evidence for 

scientific theories and hence for claims about the 

existence and nature of theoretical entities. Since 

scientific theories are always open to revision in the 

light of new evidence and their confirmation is more or 

less tentative, assertions that theoretical entities exist 

are in principle corrigible in a way that assertions about 

the members of classes of ordinary objects are not. It is 

possible that we will reject as false all assertions about 

the theoretical entities purportedly referred to by the 

23. For an obvious example of this confusion 
functioning in an instrumentalist account, see Herbert 
Dingle, "Causality and Statistics in Modern Physics," 
British Journal for the Philosophy of Science. Vol. 21, 
1970, pp. 223-246. 
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terms of a theory, including the assertion that they exist, 

if the theory is disconfirmed. Such was the fate that be

fell the purported substances phlogiston and caloric. How

ever, this is not even a conceptual possibility for the 

whole class of objects of ordinary experience. Yet it does 

not follow from the fact that classes of entities have 

different epistemological status that they have different 

ontological status or that they "exist" in different senses. 

In fact, if one were to make that claim, I do not see how 

it could be supported without again falling prey to 

Maxwell's criticism cited above. And if one is simply 

troubled by the "ontological risk" involved in asserting 

the existence of theoretical entities because of the 

tentativeness of the corresponding theories, it should be 

noted that the risk of being wrong is a small price to pay 

for the potentially deeper understanding of nature that 

scientific theories afford us in the light of realist 

commitments. 



CHAPTER III 

MEASUREMENT THEORY 

Introduction 

Observations are indispensable for science since 

without them one would not only be unable to verify or 

falsify theories, but there would be no empirical data to 

account for in the first place. When we narrow our atten

tion from scientific theories in general to quantitative 

theories, we find a highly exacting kind of observation to 

be requisite, namely, that of measurement. Due to the in-

controvertibly important role of measurement in the practice 

of quantitative science, it is imperative that one investi

gate the nature of measurement if he is to acquire any deep 

insights into the character of quantitative science itself. 

When such a task is undertaken, however , one finds that it 

is not philosophically independent of the realist-

instrumentalist controversy. To the contrary, it is neces

sary in the very explication of the logic of measurement 

that one couch any thoroughgoing account in terms of either 

the realist's or the instrumentalist's conceptual frame

work. The realist's theory of measurement gives an account 

with reference to real properties and relations of existing 

objects, while the instrumentalist avoids such commitments 

33 
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by grounding his theory in operational procedure. The 

details of their difference will become apparent in the 

course of the forthcoming discussion. 

The account of measurement that is to follow and to 

which I subscribe is essentially a realist theory. I assume 

this position for several reasons. In the first place, 

since the considerations presented in Chapter II favor 

realism over instrumentalism as the better account of 

scientific theories in general, that account of measurement 

consistent with realism is to be favored at the outset. 

Furthermore, the realist's theory is at least prima facie 

the one actually employed by scientists and technicians for 

describing the results of experiments involving measurement. 

Practitioners of science talk as if theoretical objects 

exist, as noted in Chapter II, and with respect to measure

ment, they speak of them as having properties and as entering 

into relations with one another as well as with objects that 

are directly observable, e.g., their measuring apparatus. 

Lastly, it must be recognized that any theory of measurement 

must account for the logic of measurements related to both 

directly observable objects (e.g., tables, containers, 

columns of mercury, etc.) and indirectly observable ones 

(e.g., stars, electrons, fields, etc.). With respect to the 

former class of objects, a realist account of measurement in 

terms of the properties and relations of these objects, such 

as their speed and length, would account for ordinary 
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practices involving measurement, while the instrumentalist's 

account, which attempts to dispense with reference to 

properties and relations as the objects of measurement, 

seems unable to account for these practices. At this point 

one could legitimately object to my simply assuming a 

realist theory with no further argument, since I have only 

presented reasons for being disposed toward such a theory 

before actually looking into more detailed accounts of the 

competing views. In order to remedy this situation I shall 

present the main objections of the instrumentalist to the 

realist theory after I have explicated the latter and then 

evaluate the instrumentalist's proposed alternative. By the 

close of this chapter I think that the realist theory will 

have emerged as the more viable account of measurement. 

At this point it should be noted that the forthcoming 

discussion of measurement theory is by no means an attempt 

to even approximate an exhaustive treatment of the topic. 

The reason for such a limitation in scope is not that there 

is such an abundance of important literature on the subject, 

as in the case of the realist-instrumentalist controversy, 

but rather because the relatively small amount of literature 

tends to be so highly detailed and complex that it is not 

easily summarized. Hence, I shall attempt to touch only 

upon the most important features of the logic of measurement 

as well as those distinctions deemed crucial for a basic 

understanding of the issues involved. 
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The Topological Conditions of Measurement: 
Quantitative Ordering Relationships 

For our purposes a guantity can be characterized as 

a measurable property or relation. Thus, "length," 

"height," "mass," and "velocity" are terms designating 

quantities, while phrases such as "being colored" and 

"standing to the left of" refer to properties and relations 

that are not measurable and hence not quantities. In order 

to understand the logic of measurement, one must investigate 

the conditions a property must satisfy if it is to be 

measurable, i.e., if it is to be a quantity. Now properties 

are measurable only if they admit of degrees, i.e., only if 

their specific instances can be ordered in terms of "greater 

than," "equal to," or "less than," for which we shall use 

the symbols ">," "=f" and "<" respectively. I here leave 

open the question of whether an order must actually be 

present among existing instances of the property for the 

quantity to exist, or whether the ordering can be merely 

possible if such instances were to exist; i.e., I leave 

open the question of whether or not all quantities are 

essentially relational or absolutely inherent in things. 

Any relationship that does admit of such an ordering will be 

termed a quantitative relationship.1 Employing this 

1. In general, when the above three quantitative 
relations are expressed with respect to a particular quanti
ty p, they can be symbolized as M>p," "=p>" an^ ll<rp»" 
respectively. 
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terminology, "greater in length than" is an example of the 

name of a quantitative relationship for ordering objects 

with respect to the quantity length. and this can be 

symbolized as " 

Since I have claimed that the possibility of 

establishing quantitative relationships is a necessary 

condition for the measurability of properties, and hence for 

the existence of quantities, I must now consider what 

conditions any given set of relations corresponding to ">f" 

"=," and "<" (say , R2, and R^) must satisfy if they are 

to constitute a set of quantitative relations, i.e., if they 

are to be appropriately designated by expressions of the for 

form "> ," "= ," and "< ." Following Brian Ellis's treat-
P P P 

ment of measurement, I note in this regard that it is 

necessary for R^, R2, and R^ to satisfy certain formal 

characteristics of the arithmetical relationships >, =, and 

2 
<. Hence, these relationships must satisfy the following 

conditions which we call the Topological Conditions for the 

measurement of the property of some system, where A, B, and 

C are any systems connected by these relations. Firstly, 

R^, R2, and R^ must be, as a set, both mutually exclusive 

and binary relationships, i.e., (A)(B) ~ (AR^B-AR^B) for 

2. I have restated Ellis' treatment found in 
Brian Ellis,' Basic Concepts of Measurement (Cambridge: 
Cambridge University Press, 1968), pp. 27-28 and Brian 
Ellis, "Measurement," Encyclopedia of Philosophy. Vol. 5, 
1967, p. 242, in realist terms. 
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i ̂  j. Secondly, R^, 1*2, and must be a set of alterna

tive relationships, i.e., ( A )  ( B )  [  ( A R ^ B )  v ( A R 2 B )  v ( a r ^ 3 )  ] .  

Thirdly, R2 must be symmetric. i.e., (A)(B)[(AR2B)=(BR2A)], 

and transitive. i.e., ( A ) ( B ) ( C ) ( [ ( A R 2 B ) • ( B R 2 C ) ] D ( A R 2 C ) )  .  

Fourthly, R1 and R^ must be both asymmetrical. i.e., 

(A)(B)[(AR^B)D ~(BR^A)], and transitive, i.e., (A)(B)(C) 

([ (AR±B) • (BR±C) ] D(ARiC)) where i = 1 or i = 2. Fifthly, 

R ^  and R ^  must be converse relationships, i.e., ( A ) ( B )  

[(AR^BJsfBR^A)]. In summary, we see that R^ and R^ are 

linear relations, that R2 is an equivalence relation, and 

that R^ is just the converse of R^. 

The Metrical Conditions of 
Measurement: Scales 

At this stage of our inquiry into the logic of 

measurement I have specified certain conditions that must 

be satisfied if we are to say that a property is measurable, 

such properties being called quantities, and this has led to 

an investigation of the nature of the quantitative ordering 

relationships that must be ascertainable for measurement to 

be possible. But insofar as measurement involves more than 

the mere establishment of an ordering among quantities, 

being also concerned with assigning numbers to specific 

degrees of quantities, I must go on to investigate the 

Metrical Conditions of measurement, i.e., the conditions 

that must be satisfied if we are to ascribe numerically 

definite quantities to things., In this regard, we shall 
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use the term "magnitude" to designate the degree of a 

quantity so that expressions such as "5 feet" and "10 

amperes" stand for magnitudes of the quantities length and 

current strength, respectively. 

It is obvious that if we are to measure any specific 

instance of a quantity we must have a rule for assigning 

numbers to specific instances of that quantity. However, it 

should be emphasized that one cannot simply follow any rule 

for assigning numbers, as S. S. Stevens suggests, and still 

3 
be said to have made a measurement. For as Ellis has noted 

in objection to Stevens' position, such a criterion would 

admit as measurements applications of rules that would make 

different numerical assignments to the same quantities under 

the same conditions. For example, if one had before him 

several pieces of rope of various lengths and wished to 

measure them, simply assigning numbers to the length of each 

rope according to the rule "look at the piece of rope, think 

of a number, and write it down," would not count as measure

ments of their length. What kind of rule for assigning 

numbers to quantities, then, is to count as a rule according 

to which one makes a measurement? Once again I shall 

4 
follow Ellis' treatment of the problem. Such a rule must, 

3. S. S. Stevens, "Measurement, Psychophysics, and 
Utility," in Measurement: Definitions and Theories. C. W. 
Churchman and P. Ratoosh, eds. (New York: Wiley, 1959), 
p. 19. 

4. Ellis, Basic Concepts of Measurement, pp. 40-41. 
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in the first place, be objectively determinative, i.e., it 

must be such that anyone who follows it with appropriate 

care is led to make the same numerical assignments to the 

same instances of a quantity under the same relevant condi

tions (within the limits of experimental error). Secondly, 

the rule must be non-degenerate . i.e. , it must allow for the 

possibility of assigning different numbers to different 

quantities. Furthermore, this rule for the measurement of 

any quantity p, e.g., length, must be such that if those 

things having p are arranged in the order of the numerals 

assigned to them in accordance with the rule, then they are 

also arranged in the order of p. When we possess such a rule 

for making numerical assignments, and only when we possess 

such a rule, we shall say that we have a scale for the 

measurement of a certain quantity p. Since the having of 

such a rule is a necessary condition for measurement, and 

the following of this rule constitutes the measurement of p 

on a scale. then we can say that all measurements are made 

on scales. The names that are given to scales are unit 

names. Thus, terms such as "centimeter" and "foot" are the 

names of two different scales of length. In order to 

define a unit, then, one must completely specify a scale, 

and in so doing he must choose a mathematical principle of 

correlation. 

Because the establishment of scales obviously 

involves the application of arithmetic to physical systems, 
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I shall now go on to investigate the conditions for such an 

application. In this discussion, I assume that there is a 

genuine distinction to be made between pure and applied 

mathematics, i.e., between expressions such as "2 + 2 = 4" 

and "2 apples added to 2 apples equals 4 apples," where the 

5 
latter is taken as an application of the former. A minimum 

requirement for an application of arithmetic is that the 

interpretation of any arithmetical formula be a statement. 

However, it is evident that this is not sufficient to charac

terize an application of arithmetic, so that one must also 

specify certain rules of interpretation that are to be 

satisfied before we actually have such an application. 

Following Ellis' treatment of this issue, I shall consider 

the five following conditions to be both necessary and 

sufficient to characterize an application of arithmetic. 

Firstly, the interpretation must be an interpretation of 

some formally defined class of arithmetical formulas, such 

as those of the form x = y. Secondly, the numeral terms 

must always be interpreted as referring to some objects or 

systems, or to specific instances of some property of such 

objects or systems, or to some specific relations among 

those objects or systems, to which the numerals are assigned 

on some specified scale of measurement. Thirdly, the 

5. I shall remain neutral as to the question of 
whether or not the former expression is a statement. i.e., I 
shall attempt to circumvent the idealist-formalist con
troversy over the content of pure mathematics. 
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relational terms, such as "=," and "<" must always be 

interpreted as referring to some empirical relationships 

connecting the objects or systems, or the properties and 

relations thereof, and these relationships must actually 

possess the formal characteristics of the corresponding 

arithmetical relations. Fourthly, the operator terms, such 

as "+" and " must always be interpreted as referring to 

operations performable on the objects or systems or the 

properties and relations thereof, that are connected by 

these relationships, and these operations must possess the 

formal properties of the corresponding arithmetical opera

tions. Lastly, we note that the statements resulting from 

the interpretation of the arithmetical formulas must be 

true if and only if those formulas are theorems of the 

system of arithmetic to which they belong. 

Classification of Scales: The Mathematical Structure 
of Scales. Scale Forms, and Direct vs. Indirect 

Scales of Measurement 

Now that I have investigated the nature of scales 

and the conditions for the application of arithmetic to 

physical systems, I shall consider various methods that have 

been offered for classifying scales since they throw addi

tional light on the concept of the scale itself. Following 

a system of classification developed by C. H. Coombs, four 

kinds of scales can be distinguished: ordinal, 
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nominal-interval, ordinal-interval, and ratio scales.^ It 

should be noted that this is not intended to be an 

exhaustive categorization of scales, but is only offered 

as a listing of the classes into which all scales in common 

use can be placed according to their mathematical structure. 

Ordinal scales are those on which only the classes of 

arithmetical formulas that are applied are of the form 

x = y. As an example, consider the Mohs hardness scale, 

where "x = y" is interpreted as "a substance A whose hard

ness is x (will scratch/ will neither scratch nor be 

scratched by/ will be scratched by) substance B whose hard

ness is y," and the rule for assigning numerals to substances 

is such that every correctly interpreted formula is a true 

proposition. Nominal-interval scales are those on which 

only arithmetical formulas of the classes x = y and 

/x-y/ ̂  /w-z/ are applied. Ordinal-interval scales are 

those on which the classes of formulas x = y and /x-y/ = 

/w-z/ are applied. Date scales are a common example of the 

interval scale, where formulas of the form x = y are 

interpreted in terms of the temporal ordering relationships 

"later than," "at the same time as," and "earlier than," 

while those of the form /w-y/ = /w-z/ are interpreted in 

terms of the temporal ordering relationships "longer than," 

6. For a more detailed examination of Coomb's 
system, see Ellis, Basic Concepts of Measurement. Ch. 4-B. 
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"as long as," and "shorter than." Ratio scales are those on 

which we apply not only the arithmetical formulas of the 

classes applied when we use ordinal scales and ordinal-

interval scales, but also the formulas of the class x ̂  ny, 

where n is any rational number. Examples of this kind of 

scale are provided by the commonly used scales of length, 

mass, and electrical resistance. 

As the specification of the above scales suggests, 

classification of scales according to the kinds of 

arithmetical applications that they represent leads to as 

many different classes of scales as there are formal classes 

of arithmetical formulas. As noted above, however, one need 

only consider the four groups specified since they include 

all the commonly used scales of measurement. Still, some 

critics might object to a classificatory procedure that 

admits of such a proliferation of scale types and opt for a 

different approach. S. S. Stevens has proposed a system of 

classifying scales that seems to some extent to overcome 

such a predicament in that scales of different kinds 

according to the above system turn out to be of the same 

7 
kind in Stevens' system. Stevens' approach is to classify 

a scale according to the range of scale transformations that 

leaves its scale form invariant. In order to explicate 

7. S. S. Stevens, "On the Theory of Scales of 
Measurement," in Philosophy of Science. Arthur Danto and 
Sidney Morgenbesser, eds. (New York: Meridian Books, World 
Publishing Co., 1960), pp. 141-149. 
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this, we must clarify what is meant by a scale transforma

tion as well as the conditions for the invariance of scale 

form. Now if A and B are any two scales for the measurement 

of the same quantity, and x and y are the results of any two 

measurements made on the same system under the same condi

tions using each of these scales respectively, then according 

to the Stevens criterion for saying that we have a scale for 

the measurement of a given quantity, we must have y = F(x) 

where F is a strictly monotonic increasing function. Thus, 

all measurements on A can be transformed into measurements 

on B by means of the strictly monotonic increasing function 

F. The function F is called the transformation function 

linking A and B, while this process of transforming one's 

measurements is called a scale transformation. According to 

Stevens, the scale form remains invariant under a given scale 

transformation when and only when the resulting scale can 

serve all of the purposes of the given scale. Although he 

did not further explain this criterion, I shall present 

Ellis' proposed elucidation of it. Ellis offers as a more 

precise specification of this criterion the claim that the 

scale form remains invariant under a given transformation if 

and only if the same class of arithmetical formulas that are 

applied to the initial scale are applicable in the same way 

on the resulting scale. It has been shown by Ellis that when 

one adopts this method to find the classes of scale trans

formations that leave the scale forms of the Coombs scale 
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types invariant, Stevens' system does provide more general 

0 
scale classes than Coorubs' system. 

Ellis goes on to charge that neither the Stevens nor 

the Coombs system of classification give any insight into 

the nature of the procedures according to which numerical 

assignments are made and in this regard opts for a version 

of N. R. Campbell's classificatory system. This latter 

system is based upon a distinction between two kinds of 

measurement, fundamental and derived, and it places all 

scales into either of these two categories depending upon 

whether measures on those scales are fundamental or derived 

measures. I shall now turn to an examination of this 

distinction. 

According to Campbell, there is an important differ

ence to be noted between the two kinds of measurement. The 

measurement of certain quantities depends upon the measure

ment of two or more different quantities, e.g., to measure 

the density of an object he notes that one must be able to 

measure both its mass and volume. But the measurement of 

other quantities, such as mass, does not depend upon the 

measurement of any other quantity. He calls those measure

ments that depend upon two or more prior measurements 

derived. while he calls those that are independent of other 

measurements fundamental. As Ellis notes, this distinction 

8. Ellis, "Measurement," p. 245. 
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made by Campbell is not exhaustive since there are some 

quantities wnose measurement depends upon the measure of 

only one other quantity, e.g., the measure of the tempera

ture of a volume of gas can be ascertained by measuring its 

pressure at a constant volume. Furthermore, Ellis points 

out, Campbell's account of fundamental measurement 

incorporates the restriction that the measures be not only 

independent of other measures but also be additive. Yet 

quantities such as hardness measured on the Mohs scale, while 

independent of other measures, are not additive. Hence 

Ellis suggests revising Campbell's terminology and expressing 

the distinction he aimed at as follows. 

According to Ellis, all measurements are to be 

classified as either direct or indirect, according to whether 

they are independent o fj or dependent upor\ other measurements. 

Direct measurement is to include elemental and fundamental 

measurement, where the latter is additive as well as inde

pendent of other measures. Indirect measurement is to 

include both derived and associative measurement as its two 

species. The former are any measurements that depend upon 

only one other measurement, while the latter are any measure

ments depending upon two or more other measurements. Follow

ing these distinctions, then, all scales are to be classi

fied as either direct scales or indirect scales of 

measurement, so that a classificatory system based upon 

measuring procedures has been allegedly attained. 
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It is my contention that classifying scales accord

ing to a direct-indirect dichotomy based exclusively upon 

measuring procedures fails to illuminate the logic of 

measurement, as its proponents intend. This becomes evident 

when one scrutinizes the notion of dependence incorporated 

into the foregoing analysis, a notion for which neither 

Campbell nor Ellis gives a satisfactory account. The 

crucial test for any such distinction is how well it will 

accommodate possible laboratory practices. In this regard, 

we can see that the distinction fails to fulfill its 

intended role. Consider, for example, the measurement of 

density, which is classified by Ellis as an indirect 

quantity, being dependent upon measures of both mass and 

volume. Now while density can be measured via these other 

two quantities, it could also be directly measured without 

prior measurement by simply establishing quantitative 

ordering relationships among those objects having the 

property, and then assigning numbers according to the scale 

adopted. In general, by assuming all the lawful relation

ships pertaining to a system of interest, it appears that we 

could in fact rig up procedures for measuring any quantity 

either directly or in terms of at most one other quantity. 

At this point one might attempt to save the Ellis-

Campbell distinction by stating that it is based upon 

procedures which apply universally, i.e., by asserting that 

a quantity will qualify as an independent quantity only if 
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one could always measure its instances without recourse to 

any other quantities. Then it could be argued that although 

density can be directly determined in a great many cases, 

e.g., by establishing quantitative orders by means of 

observing the behavior of objects in different liquids, the 

density of all objects can not be so determined. For 

example, how could one directly measure the density of 

extremely large or very distant bodies such as the moon? 

One would then conclude that density was not an independent 

quantity. But this will certainly not suffice to save the 

distinction as drawn by Ellis and Campbell, for on this 

criterion no_ measurements would count as direct. Even 

measurements of length and mass, which they regard as direct, 

would not be so categorized according to this standard due 

to the difficulties involved in measuring interstellar dis

tances and astronomical masses, to name only a few examples. 

In short, there is an important distinction to be drawn 

between direct and indirect measures and the corresponding 

scales of measurement, and one must base such a distinction 

on something more than just measuring procedures if he is 

to arrive at a genuine logical distinction. Although a 

thoroughgoing analysis of that distinction lies beyond the 

scope of this paper, I shall go on to indicate some of the 

considerations relevant to its explication. 

In the first place, a distinction between directly 

and indirectly measured quantities and their corresponding 
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scales of measurement must take account of the phenomeno-

loqical aspect of the quantities measured, that is, the 

Q 
perceived differences in these quantities. For example, 

based on such an approach the length of the ordinary sized 

objects we perceive is a directly measurable quantity due 

to its phenomenological immediacy or the readiness of per

ceptions that one of these objects is longer than, shorter 

than, or equal in length to another. By contrast, quantities 

such as the kinetic or potential energy of objects are far 

from phenomenological immediacy, so they are viewed as 

indirectly measured quantities. Secondly, theoretical 

considerations are relevant to drawing this distinction, 

i.e., one must examine the nature and role of a quantity 

concept within the context of the theories into which it 

enters. Quantities such as mass, length, and time, for 

example, play the role of fundamental quantities in 

mechanics, that is, they are concepts used to define other 

complex concepts such as velocity, acceleration, and force. 

From this point of view, then, the former group would be 

characterized as directly measurable quantities and the 

latter as indirectly measurable quantities. When the above 

two approaches are combined, it seems that they lead to 

distinctions that genuinely illuminate the logic of 

9. In his account of the direct measurement of 
time, Ellis does appeal to phenomenological immediacy, but 
in such a way that he again builds into his direct-indirect 
distinction the nature of the measuring operations employed. 
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measurement, for they allow one to make sense of certain 

measures depending upon prior measures in phenomenological 

and theoretical terms, rather than in terms of the almost 

limitless variety of operations by means of which one makes 

those measures. 

The Instrumentalist Theory of Measurement 

Having considered the foregoing realist account of 

measurement, I shall now examine instrumentalists' objec

tions to it and then evaluate their proposed alternatives. 

As noted in the Introduction to this chapter, instru

mentalists repudiate the above account of quantities as 

genuine properties and relations of existing objects and 

processes and adduce arguments to undercut the existence of 

quantities in general, for they repudiate the existence of 

many of those things of which we predicate quantities. 

Offhand, one might think that instrumentalists could opt for 

a theory that construes measurements with respect to 

observational objects in a realist fashion and only inter

pret measurements on theoretical objects apart from any 

commitment to quantities construed as properties. When one 

considers the implications of such a move for the inter

pretation of theoretical laws, it becomes obvious that it 

is not satisfactory since it leads to a conceptual fragmenta

tion of those laws. As an illustration of this point, let 

us regard the application of statistical mechanics to two 
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systems, one a group of ping pong balls and the other the 

molecules of a gas. If one is to retain unified general 

laws, which is clearly the aim of physicists, then one 

cannot have two different concepts of theoretical terms 

such as mass, energy, momentum, and velocity entering into 

the same theory, construing them in some cases as properties 

and in other cases in a different fashion. Clearly, one's 

theory of measurement must give the same account for all the 

quantity terms in a given science. Since the pros and cons 

of the existence of theoretical entities have already been 

discussed in Chapter II, I shall here focus attention 

upon the issues related to the quantities themselves. 

Against a realist account of quantities viewed as 

properties of things, instrumentalists have offered the 

following major arguments. The realist account is often 

attacked as a form of Platonism, or naive realism. Such 

charges assume that a realist account is committed to 

viewing quantities either as having ontological status 

independently of any objects or processes, or as being some 

kind of absolute properties, as opposed to being essentially 

relational. However, there is no necessity for realists to 

make such commitments, as I hope the foregoing account of 

the realist theory has demonstrated. 

Another argument that has been offered is based on 

considerations stemming from the theory of relativity. Due 

to the fact that the precise magnitudes of quantities are 
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contingent upon one's frame of reference, and since frames 

of reference can be varied at the will of the experimenter, 

so goes the argument, it is erroneous to characterize 

quantities as objective properties of things. But we must 

note that it does not follow from the fact that certain 

magnitudes are not invariant under transformations from one 

frame of reference to another that the corresponding 

quantities are not objective properties of things. And if 

this were the case, then it would follow that the objective 

status of all properties, not just quantities, would be 

undercut. This becomes evident when one considers the fact 

that all property observations, those of color, shape, 

position, etc., depend upon surrounding circumstances. For 

example, if we judge that a coin is circular, this judgment 

presupposes that the coin will appear circular if its 

surface is perpendicular to our line of sight, otherwise it 

may appear elliptical, or even like a straight line. Also, 

when we describe an object as having a certain color, this 

implies that the object will appear that color when the 

description will be immediately seen to apply when the 

object is close by and is illuminated by daylight (or a 

reasonable facsimile). If the object were far enough in the 

distance, or illuminated by yellow light, or viewed through 

blue glasses, its color might appear to be different. Even 

though the descriptions of objects are contingent upon such 

background conditions, it is still legitimate to regard such 
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qualities as objective properties of objects, particularly 

in light of the fact that changes in appearance due to 

changes in the conditions of perception are usually pre

dictable regularities. The case of quantities from the 

point of view of relativity physics is essentially the same. 

The ascription of magnitudes is contingent upon one's frame 

of reference, and changes due to shifting a frame of 

reference are precisely predictable. If the above argument 

proves that quantities are not objective properties of 

objects, then it proves that colors, shapes, etc., are not 

objective properties either. But if the objective status 

of all properties were undercut, measurement would be in 

principle impossible, even for the instrumentalist, since 

there could be no appeal to any objective descriptions to 

ground its procedure. Insofar as the success of the argu

ment entails the overthrow of any theory of measurement, it 

can not be consistently advocated by the instrumentalist or 

by anyone else concerned with accounting for the logic of 

quantitative science. 

Lastly, instrumentalists have charged that the 

realist theory of measurement is necessarily involved in 

unresolvable dilemmas with respect to the interpretation of 

experimental results. The following example of this kind of 
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alleged predicament is offered by Herbert Dingle. Con

sider an experimenter who measures the length of rod AB and 

ascertains it to be three meters long using his meter stick. 

On the traditional view, i.e., the realist theory, says 

Dingle, this means that the length of the rod AB is three 

times the length of the standard unit rod to which it was 

compared, while from his instrumentalist vantage point, he 

construes the outcome in operational terms to simply mean 

that "the result of performing a particular operation on the 

rod is 3.Now suppose that the experimenter repeats his 

measurement at a later time and obtains a result of 4 meters. 

Dingle notes that for the operationist the interpretation of 

the outcome is unambiguous. It could only signify that the 

length of the rod has changed, because the phrase "the 

length of the rod" is simply the name that has been given to 

the result of performing a particular operation, and that 

result has changed from 3 to 4. But for realists the out

come poses a dilemma, argues Dingle, for they do not know 

whether the rod AB or the standard unit has changed in 

length. Dingle then adds that in practice there would be 

no difficulty, for the results of measurements of several 

other rods using the standard rod both before and after the 

10. Herbert Dingle, "A Theory of Measurement," 
British Journal for the Philosophy of Science. Vol. 1, 1950, 
pp. 8-9. 

11. Ibid., p. 8. 
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change would be compared, so that if all the numbers showed 

a proportionate change, it would be decided that the 

standard rod had shrunk, while if the other rods had the 

same values on both occasions, the change would be attributed 

to rod AB. If neither of these results were obtained, both 

the rod AB and the standard rod would be said to have 

changed in length. Dingle goes on to add that this realist 

explanation, while highly probable, is not certain. 

In criticism of Dingle's position, one can only 

remark that he has failed to grasp the significance of his 

own analysis. The operational interpretation, wherein one 

regards the rod AB as having changed by definition, is 

hardly a satisfactory account since it precludes the 

realist's practical explanation, which even Dingle concedes 

is "highly probable." Furthermore, by introducing other 

theoretical considerations, realists might adduce further 

support for one of the three possible interpretations men

tioned above. For example, by appealing to laws relating 

to conservation of mass and to the density of solids, in 

conjunction with the principles of solid geometry, they 

could check other properties of both the rod AB and the 

standard rod to inspect for changes nomologically related 

to their length. But no matter how much evidence realists 

offer, Dingle would undoubtedly continue to refrain from 

saying they had come up with an explanation that was 

certain. because Dingle is looking for logical certitude. 
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which can only be given by ascribing the change to either 

the rod AB or the standard rod by definition. This move is 

undesirable, however, since it precludes not only the 

practical appeals Dingle considered, but also any 

theoretical appeals such as those noted above, without 

which the whole enterprise of science is subverted. 

In spite of the above considerations, let us assume 

for the purposes of this inquiry that there are good reasons 

to avoid a commitment to the realist account of quantities 

as real properties and go on to investigate the instru

mentalist's proposed alternative account of measurement. In 

lieu of the realist theory, instrumentalists opt for an 

operationist account of quantities. As originally presented 

by P. W. Bridgman, the operationist thesis states that the 

meaning of any scientific term is fully and exclusively 

specified by its operational definition. With respect to 

quantity terms, such as length, mass, potential energy, 

etc., an operational definition is a statement of the 

procedure for determining the numerical value of the 

"quantity" in a particular case, so that these definitions 

turn out to be simply rules of measurement. To speak of 

quantities as properties of things that are prior to 

measurement, and thus to construe the quantity terms as 

having theoretical reference as the realist does, is 

regarded as meaningless discourse by operationists. Since 

quantity terms are taken to be synonymous with the rules of 
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measurement to which they correspond, operationists point 

out that scientists must begin with the operations and 

their results and only then, if they wish, go on to refer to 

them as "quantities." 

In its extreme form the thesis states that no two 

operational procedures determine the same concept, and that 

whenever different operational criteria are devised they are 

to be referred to by different terms. Hence, if one deter

mines the length of a table by means of a yardstick, then 

one is dealing with "yardstick length." On the other hand, 

if he were to determine the length by means of optical 

triangulation, he would be dealing with "optical length." 

As so formulated, however, the operationist approach to 

measurement is open to a fatal criticism. Specifically, 

the operationist is faced with the difficulty of determining 

when two operational procedures are to count as being the 

same and when different. Clearly, if two people measure 

the length of a table, neither the time at which they enact 

the measurement nor the color of their shoes is to count in 

favor of the procedures being different. or else the only 

criterion for being the same would be their being one and 

the same. At this point, instrumentalists such as Dingle 

attempt to overcome the difficulty by claiming that one can 

precisely specify the essential details of the operations so 

that we will recognize which cases are essentially the same 
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12 
or different. But how do we determine which features of 

any procedure are essential to determining the same quantity 

upon repetition? The answer given is that one must specify 

"only those conditions that are necessary to give us results 

that stand in simple relations to others," i.e., results 

13 
that are "useful for our ultimate purpose of correlation." 

Unfortunately for the operationist, however, such a move 

does not resolve the difficulty. Now we are faced with the 

problem of deciding which conditions are necessary to fulfill 

the aims of scientific inquiry, which is the same problem as 

deciding which features are essential to our procedural 

specification. All Dingle has done is to reword the problem 

at hand, but he has not taken any steps towards its solu

tion. And apart from any means of identifying different 

measures as the same quantity, science becomes impossible. 

Thus, if each measurement is given a different name, then it 

is impossible in principle to have laws since no regularities 

could be discovered in nature. 

Even if we were to grant that the operationist had 

succeeded in accounting for the possibility of repetitive 

measures of a quantity, such as "yardstick-length," his 

position is still untenable because of the endless 

proliferation of concepts it entails. The operationist 

12. Ibid., pp. 12-14. 

Ibid., p. 13. 
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thesis, according to proponents such as Bridgman and Dingle, 

leads to a considerable number of concepts of length, 

temperature, mass, etc. Yet such a fragmentation of 

concepts would defeat one of the principal aims of science, 

namely, the attainment of a simple, unified account of 

phenomena, because it would entail an equally extensive 

proliferation of scientific laws. Consider, for example, a 

law such as F = ma. For the operationist, who entertains as 

many concepts of mass as there are different says to measure 

mass, expressing the law in this fashion is positively 

erroneous. Strictly speaking, there are as many laws as 

there are kinds of mass, and each must be verified in its 

own right. If one were to find that F ̂  ma, where m was 

measured by one particular procedure, there would be no 

overthrow of anything like the general law we originally 

thought we had discovered. But can the fragmentation stop 

here? It would seem not, for there are many different ways 

to measure acceleration and force. Hence, it is obvious 

that the operationist approach is not a viable analysis of 

scientific quantity concepts. In short, the operationist 

is guilty of confusing the act or process of measurement 

with the object of that act, namely, the quantity in ques

tion. 

Instrumentalist commentators such as Ellis, not 

wishing to succumb to a realist interpretation of quantities 

in the face of such criticism, have attempted to formulate a 
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modified operationist account of measurement. Proponents of 

this approach do not wish to identify a quantity concept 

with any specific measuring operations, but nevertheless 

attempt to exhaust their empirical content in operational 

terms as follows. Many different measuring procedures, it 

is admitted, can be employed to determine the same quantity, 

so that length, for example, can be measured by means of 

yardsticks, optical triangulation, and so forth. It is 

asserted that these different procedures are identified as 

yielding a measure of the same quantity not in virtue of 

recognizing that the quantity term has any reference to 

existing properties, but simply in virtue of the fact that 

they "generate the same order among the same particulars 

14 
under the same conditions." So on this account, then, the 

existence of the ordering relationships established among 

objects, instrument pointer readings, and the like, are the 

conceptually prior aspects of measurement rather than the 

actual operations whereby these relationships are discovered, 

as the extreme operationist maintained. 

Despite the success of this approach in avoiding the 

difficulties of extreme operationism, this modified opera

tionist thesis is not a satisfactory account of the logic 

and practice of measurement. In the first place, what are 

to count as "the same particulars" and "the same 

14. Ellis, Basic Concept of Measurement, p. 48, my 
underlining. 
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conditions"? It is incumbent upon instrumentalists to spell 

this out without appeal to any prior notion of quantities as 

properties, but this does not seem to be possible. Con

sider, for example, someone who follows two different 

procedures in the laboratory and determines two orderings 

that are the same. Let us suppose that these are laying a 

ruler down next to the column of a mercury thermometer, and 

then applying a method of triangulation to establish the 

height of the column. These procedures are repeated at 

different times of the day and eventually we establish two 

orderings that are the same. We can conclude that we have 

measured the same quantity, the length of that mercury 

column, by means of two different procedures. Then suppose 

that we employ the known thermal laws of fluid expansion and 

by appropriate correlations read off the temperature of the 

atmosphere at each time that we apply the ruler to the 

height of the column. By means of both procedures we will 

have established the same order, yet we want to say that in 

one case we measured a different quantity. Instrumentalists 

may object that we have not applied our procedures on the 

same particulars, since in one case we measured the height 

of the column of mercury while in the other we measured the 

temperature of the atmosphere. Such a move, however, seems 

justified only if one regards a quantity as the property of 

some system that is prior to the ordering relationship 

established. 
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Furthermore, scientists simply do not and could not 

conduct their inquiries if there were not a prior notion of 

a quantity. When experiments are devised, there is usually 

some specific quantity that is aimed at even before any data 

are recorded. And it is often the case that such experi

ments are based on highly theoretical foundations with only 

very indirect links between the quantity in question and the 

apparatus employed. In such situations, a large amount of 

theory is "built into" the very apparatus that is used by 

the experimenter. It is ludicrous to suppose, then, that it 

is only after the measurements are made and an ordering 

established that what has been measured can be ascertained. 

In addition, the data actually recorded can be 

evaluated as to its accuracy only because the experimenters 

already know what quantity they are measuring. Yet from the 

operationist point of view, wherein there is no prior 

quantity that experimenters aim at, no sense could be made 

of experimental errors. For the extreme operationist, the 

result of a measuring procedure is by definition the magni

tude in question, while for the moderate operationist, the 

order arrived at constitutes the quantity. In either case, 

there appears to be no room for the scientist's error dis

course. Thus it seems that the determination of the same 

ordering relationship is at best a necessar/ condition for 

saying that two given procedures yield measures of the same 

quantity. In order to have sufficient conditions, one must 
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appeal to considerations regarding theoretical entities and 

their properties and relations. 

Conclusion 

The considerations presented in Chapter II support 

realism over instrumentalism as the more tenable account of 

scientific theories in general, while I argued in Chapter 

III that the realist theory of measurement outlined therein 

is a better acco\int of quantitative science than the 

alternatives that have been proposed by instrumentalists. 

However, there are arguments that have been raised against 

a realist interpretation of quantum mechanical theory which 

center around features peculiar to that theory, such that 

many philosophers of science who favor a realist view of 

theories in general favor an instrumentalistic interpreta

tion of quantum physics. In the remaining chapters of this 

dissertation, then, I shall go on to examine the diffi

culties facing the realist with respect to quantum 

mechanics in an attempt to show that, contrary to the views 

presented in the mainstream of commentary on this topic, 

realism with respect to quantum mechanics is a philosoph

ically tenable position. 



CHAPTER IV 

THE EMPIRICAL CASE AGAINST REALISM 

Introduction 

In the literature surrounding the interpretation of 

quantum mechanics, it is generally maintained that certain 

experimental findings pertaining to the "dual" character of 

the micro-entities militate against a realist account of 

that theory. I shall now consider the physical evidence 

pertinent to this issue, examine the instrumentalist's 

argument based thereon, and finally present a number of 

realist responses to the instrumentalist's argument. 

The Evidence for the Particle Assumption 

Towards the end of the nineteenth century, atomic 

physicists began to amass evidence supporting the assumption 

that the then newly discovered elementary or fundamental 

constituents of matter, such as electrons, were actually 

material particles. Let us now consider this evidence. 

When a high voltage is applied between a cathode (a 

negative electrode) and an anode (a positive electrode) 

which are contained at opposite ends of an evacuated glass 

tube, a luminous spot will appear on the inner surface of 

the tube at its positive end. If an experimentor places two 

parallel diaphragms between the cathode and the anode, he 

65 
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discovers that the size of the spot as well as its position 

on the wall depends upon the size and location of any holes 

in the diaphragms in such a way that it suggests that the 

luminous spot is caused by streams of particles leaving the 

cathode and traveling in straight lines until they strike 

the wall. Further evidence for this hypothesis is obtained 

when a solid object is placed between the spot and diaphragm 

nearest to the anode, and one notes that it casts a sharp 

shadow across the luminous spot on the tube wall. 

In addition, the position of the luminous spot can 

be changed by the presence of an electric or magnetic field 

of sufficient strength placed in the region between the 

diaphragms and the anode. This change can be accounted for 

only if one attributes a charge to these cathode ray 

particles or electrons, as they are now called. Since 

there is no provision within the classical physics whereby 

a wave can be conceived of as bearing a charge, this served 

to further substantiate the particle view of electrons. 

The fact that cathode ray particles carry mass was 

established by similar experiments, and an accurate measure

ment of the ratio of the charge e to the mass m of these 

cathode ray particles was made by J. J. Thompson as early 

as 1897. The significance of such a discovery for the 

assumption that electrons are particles is readily 

appreciated when one realizes that while particle motion 

always involves a transport of mass, classical wave motion 
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involves only the propagation of energy and momentum with no 

net transfer of mass. 

In the course of measuring the velocity of cathode 

ray particles, it was discovered that the value of their 

velocity was dependent on the potential difference across 

the cathode ray tube. Since the "rays" were traveling in 

a vacuum, and electromagnetic waves are the only waves 

known to travel in vacuum, this fact was viewed as further 

corroboration of the particle assumption since any electro

magnetic waves traveling through the tube would be trans

mitted with a single, unique velocity. 

During the period 1909-1913, Robert A. Millikan 

engaged in a series of experimental investigations which 

demonstrated that the electronic charge was discrete and 

further corroborated the particle hypothesis for electrons. 

He proceeded as follows. Individual oil droplets were 

allowed to fall at right angles to the axis of a telescope, 

and they were illuminated in such a way that their motion 

could be easily observed. It was noted that some of the 

droplets became electrically charged and the charge q on 

such a drop could be measured by a relatively simple 

method. If a drop acquires a negative charge, and if one 

allows it to fall between two parallel plates separated by 

a distance 1 and maintained at a potential difference V such 

that the electric field intensity E will equal V/l, the 

forces on the drop will be its weight mg, the buoyant force 



B and the upward electric force qE. By adjusting the field 

E, the sum B + qE can be made to equal mg and then the drop 

will remain at rest. In this case we have qE + B = mg or 

q = m^E~ B. Since the mass of the droplet equals the pro

duct of its density and volume, and the buoyant force equals 

the product of the volume and weight density of the gas in 

the apparatus through which one drops the oil droplet, one 

can readily calculate the value of the charge q. After 

Millikan had measured the charges of thousands of drops, 

he found that within the limits of experimental error, every 

drop had a charge q equal to some small integral multiple of 

a basic charge of the electron e, so the electric charge 

•j 
was found to be something discrete. When an oil drop was 

observed with a charge e, then it was concluded that it had 

acquired one extra electron, if 2e, two extra electrons, 

etc. Further experimentation has indicated there is no way 

to subdivide the electron's charge. But if an electron were 

some kind of continuous phenomenon like a wave, one would 

expect to be able to subdivide them and transfer only part 

of the charge e, so that experiments similar to Millikan's 

would yield total charges such as l/2e, 3/4e, 3/2e, etc. 

Additional evidence that electrons are not classical 

wave phenomena is obtained from experiments with Geiger 

counters and photographic plates. With such experimental 

apparatus the discrete particle-like character of electrons 

is revealed insofar as they can be made to strike a 
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photographic plate one at a time and leave individual spots 

in the emulsion and since they individually trigger off 

identically sharp clicks on the Geiger detector. Once 

again, all known experiments indicate that there is no way 

to subdivide these entities, as would be expected if they 

were classical waves. 

The Evidence for Wave Assumption 

In the last section I examined evidence which led 

late nineteenth and early twentieth century physicists to 

assume that electrons were particles. On the basis of 

similar considerations physicists were led to conclude that 

the other known micro-constituents of matter, such as 

positrons and neutrons, were also particles and that their 

dynamical behavior could be accounted for by the methods of 

classical particle mechanics. 

In 1927, however, Davidson and Germer discovered new 

experimental data which could not be predicted by means of 

the classical particle theory. Their now famous experiment 

consisted in directing a parallel beam of low energy elec

trons which were thermally emitted from a cathode in a 

direction normal to the surface of a nickel crystal. The 

number of electrons scattered at an angle 9 from normal 

incidence was measured by a detector placed near the surface 

of the crystal. It was noted that the angular distribution, 

that is, the number of scattered electrons taken as a 
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function of 0, became very large for small values of 9, 

such behavior being characteristic of particle reflection as 

well as for the intensity of wave reflection taken as a 

function of 0. What they also found, however, was that at 

an angle of 50° a peak value was found in the angular 

distribution curve which could not be accounted for by the 

assumption that the electron was a classical particle. 

Instead , such a peak was characteristic of interference 

phenomena associated with wave motion. Further experiments 

have established conclusively that whenever electrons or any 

other kinds of micro-entities such as molecules, atoms, 

neutrons, etc., are either passed through or reflected from 

crystal gratings, such interference type effects are 

observed. 

The interference phenomena characteristic of micro-

entities has been interpreted by many physicists and 

philosophers alike as overwhelming evidence that their 

dynamical behavior can not be accounted for by classical 

particle physics and that they can not even be conceived 

of as particles. It is obvious that classical mechanics 

fails to account for the interference phenomena for it 

simply does not predict the outcome of such experiments. 

Any attempt to reduce the interference results to interac

tions among classically describable particles is not 

feasible since the same interference patterns are obtained 

whether one bombards a crystal with large numbers of 



71 

electrons, atoms, etc., or uses methods whereby they are 

emitted, strike the crystal, and are detected one at a 

time. 

In order to show that it is not even possible to 

characterize micro-entities as particles, commentators 

on this issue have most frequently appealed to the inter

ference patterns resulting from electron diffraction experi

ments similar to those of Davidson and Germer, in particular 

the well known "two slit" experiment. In this experiment 

electrons are emitted from a source E, say an electron gun 

consisting of a heated tungsten wire contained in a metal 

box having a small exit hole so that the electrons will 

escape. In front of this source is a crystal lattice which 

can be idealized as a system S having two slits A and B. 

Behind these slits a suitable electron detection apparatus 

P is set up, which might be a photographic plate. If we 

keep the temperature of the wire in the gun relatively high, 

we will find that the results of brief exposures to the 

electrons will result in dark areas on the photographic 

plate, while if the temperature of the source is lowered we 

can get one spot at a time to appear on the plate, that is, 

we can detect one electron at a time. In either event, the 

pattern appearing at P is a result of the intensity of 

electron bombaidment at various points on plate P, while 

the intensity at any point x along P is a result of the 

frequency with which electrons strike P at x. The relative 
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probability that electrons will arrive at P at various 

positions x on the plate is given by the curve Pi2* 

Now it is assumed that if electrons are particles, 

then each electron must either go through slit A or go 

through slit B, but not through both. Granting this, all 

electrons, if they are particles, would have to fall into 

two mutually exclusive groups: those that go through A and 

those that go through B. The observed curve P.^ would then 

have to be simply the sum of the effects of the electrons 

that go through slit A plus those that go through slit B. 

But this can be experimentally ascertained, it is alleged, 

by first checking the pattern resulting from those electrons 

coming through slit A while 3 is closed and then checking 

the pattern resulting from those electrons coming through 

slit B while A is closed. The results are given by curves 

P^ and P2, respectively, in Figure 1. It is obvious that 

the original result P^ for situation when both A and B 

were open is not simply the sum of P^ and P2. Thus these 

curves show that the number of particles arriving at a given 

position along P when both slits are open as above is not 

equal to the number arriving that passed through A when B 

was closed plus the number arriving that passed through B 

when A was closed. 

An alternative method for deciding whether any given 

electron goes through slit A or slit B involves making 

observations of which slit the electron goes through. This 
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Figure 1. The Two Slit Experiment 



can be accomplished by adding to the experimental design of 

Figure 1 a strong light source placed between S and P along 

the y axis just behind S. As the electron passes through S 

on its way to P, then, it will scatter light in such a way 

that we should be able to determine through which slit the 

electron passed by observing a flash in the vicinity of 

either A or B. In the event that we observe a flash in both 

vicinities at the same time when only one electron passed 

through S, then the result would lead us to conclude that 

the electron divided in half and went through both slits. 

The result of the experiment is that whenever we detect a 

single electron at S, we observe only one flash either at A 

or at B. Thus, in this experiment the electrons do go 

through either slit A or slit B. However, the resulting 

relative probability curve obtained in this experiment is 

not but rather P'^2 which is approximately the same 

as the sum of P^ and P2 obtained earlier. That is, we get a 

similar distribution of electrons at P whether we simply 

combine the results of electrons passing through A when B 

is closed with those passing through B when A is closed, or 

combine the results of electrons that were observed to pass 

through A and not B with those observed to pass through B 

and not A when both slits were open. Hence, the number of 

particles arriving at a point along P when both slits are 

open as in the first experiment is not simply the sum of 

the number of electrons observed to pass through A plus the 



75 

number of electrons observed to pass through B. But it 

seems that if the electrons went through either slit A or 

slit B in the original experiment, then the result would 

be simply the sum of results Pj^ and P2 for this is what we 

observed when we ascertained that they did go through either 

A or B in the other two experiments. It follows that the 

electron could not have gone through either slit A or B in 

the original experiment, so they can not be particles 

according to the assumption above when curves such as P^ 

are observed. 

It should be noted at this point that P^ is 

reminiscent of intensity curves characteristic of wave 

phenomena, for example electromagnetic waves. When a wave 

strikes a two slit system having both slits open the slit 

system produces two waves which interfere with one another 

according to known laws, the result being an intensity curve 

similar to P^ displaying maxima where the waves are in 

phase and the peaks add together to yield a large amplitude 

(constructive interference) and minima where they are out of 

phase and cancellation occurs (destructive interference). 

Furthermore, when dealing with wave phenomena the sum of the 

intensity patterns obtained when only one slit at a time is 

open is not equal to the intensity pattern obtained when 

both slits are open, in similar fashion to the electron 

case. Hence, the curve P^ for the electron case, called an 

interference curve, conjoined with the experimental 
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considerations adduced above, has been cited as evidence for 

the wave-like character of electrons. And since similar 

experiments with all known quantum mechanical entities, such 

as positrons, molecules, and atoms, yield qualitatively 

identical results, these conclusions have been extended to 

the entire quantum mechanical domain. 

Duality and Instrumentalism 

On the basis of experimental considerations such as 

those adduced in the preceding two sections, many commenta

tors have concluded that the quantum mechanical formalism 

will not sustain a realist interpretation. Although the 

conclusion that micro-entities do not exist does not follow 

validly from such evidence simpliciter. instrumentalists can 

employ the following valid argument which seems to capture 

the essence of their position on this matter: 

Premise 1. If micro-entities exist then they must be 

particles. (This is supported by the evidence 

above.) 

Premise 2. If micro-entities exist then they must be 

waves. (This is supported by the evidence above.) 

Premise 3. Micro-entities cannot be both particles and 

waves. 

Conclusion: Micro-entities do not exist. 

This argument is of the valid form r(p 3q) • (pDr) (q-r)1/ 

•r~ r? • • ̂  p • 
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In support of Premise 3, it has been argued that 

any given entity can not be both a particle and a wave 

because each possesses properties which the other simply 

can not have.1 For example, particles can be located at a 

point in space while waves, being intrinsically spread in 

space, can not; two waves can occupy the same place at the 

same time while particles can not; waves, as suggested 

earlier, do not have any rest mass, as do particles. So 

for any given entity to have the properties of both, it 

would have to be endowed with a set of properties A and ~A, 

B and ~B, etc., which is clearly impossible. Thus, no 

existing entity can be both a particle and a wave. It is 

apparent, then, that anyone who accepts the Premises 1 and 2 

above while maintaining that micro-entities do exist is 

committed to the paradoxical view that they are both 

particles and waves. 

The instrumentalist's interpretation of the quantum 

theory in light of the evidence cited earlier is that micro-

entities are merely theoretical fictions which can be re

garded for heuristic purposes as particles in experimental 

situations when their particle-like character is manifest 

and as waves in those situations when their wave-like 

1. See for example Norwood R. Hanson, "The Copen
hagen Interpretation of the Quantum Theory," in Physical 
Reality. Stephen Toulmin, ed. (New York: Harper and Row, 
1970), pp. 146-149; and Nagel, The Structure of Science, 
p. 302. 
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character is manifest. Since the quantum theoretical formal

ism is itself free of any contradictions and the wave-like 

characteristics are never detected at the same time as the 

particle-like ones, there are no paradoxes when one refrains 

from the temptation to regard micro-entities as existing 

objects having actual wave and particle properties. Ac

cording to such an instrumentalistic account, quantum mech

anics is considered to be nothing more than a formal appa

ratus for correlating observable macroscopic phenomena, that 

is, its theoretical terms are regarded as devoid of refer

ence to existing entities, their properties, and relations. 

This view of micro-entities which is prominent among instru

mentalists is often referred to as "complementarity" because 

it uses the particle and wave concepts as mutually exclusive 

2 
but complementary models. In this context instrumentalists 

can accept the wave-particle duality of micro-entities and 

avoid the paradox by refraining from granting micro-entities 

any ontological status. 

Now that I have considered the instrumentalist inter

pretation of quantum mechanics formulated in the face of the 

evidence previously outlined, I shall turn to an examination 

of realist alternatives. 

2. There are actually a number of different versions 
of the "complementarity" view. I shall not distinguish 
among them, but merely point out the essential aspect of the 
instrumentalists' concept of complementarity. 



The Wavicle Account 

A tacit assumption of most commentators on the 

realist-instrumentalist controversy in quantum mechanics is 

that any existing micro-entity can only be either a material 

particle or a wave, that is, that particles and waves are 

not only mutually exclusive but also exhaustive ontological 

categories at least as far as micro-entities are concerned. 

From the point of view of classical physics, such an assump

tion seems quite natural since nineteenth century physicists 

had been so successful in applying those two alternative 

categories according to the theoretical framework of Newton

ian particle mechanics and Maxwell's electromagnetic theory. 

But realists, in what amounts to a repudiation of that 

assumption, can opt for a concept of micro-entities which 

calls for the recognition of a classically unprecedented 

3 
kind of object which we shall here call a wavicle. From 

this point of view one attempts to account for the purported 

evidence for the particle assumption as well as for the 

purported evidence for the wave assumption by postulating 

the existence of a kind of object that has some of the 

3. Although I am not aware of any attempt in the 
literature surrounding the interpretation of quantum 
mechanics to develop a detailed version of such a view, 
various realists have indicated that they adhere to such an 
interpretation. J. J. C. Smart, for example in Between 
Science and Philosophy (New York: Random House, 1968), pp. 
162-163, suggests that he maintains such a view, and Wesley 
Salmon in a conversation with me at The University of 
Arizona in the Summer of 19 72 indicated that he favored this 
type of account. 
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properties of classical particles and some properties 

4 similar to those qf classical waves. With respect to the 

former evidence, it is maintained that quantum mechanical 

entities can have the properties of mass, charge, velocity, 

etc., and that in certain experimental situations they can 

be observed at a point in space. However, these micro-

entities are not always localized objects insofar as they 

can be more or less spread in space in other experimental 

situations, which is the Icey to satisfying the latter 

evidence. 

Let us return to the two slit case to illustrate 

this point. On the wavicle interpretation, the fact that 

the passing of the electrons through a two slit system 

results in a different intensity pattern from that obtained 

when one adds the results of those electrons that pass 

through slit A when slit B is closed to the results of those 

passing through slit B when slit A is closed is accounted 

for by assuming that each electron passes through both slits 

A and B when both slits are open. Thus, the opening of a 

second slit affects the subsequent dynamical behavior of a 

micro-entity because in the one case it simply passes through 

4. It is evident that the use of the term wavicle 
in this realist sense is markedly different from the initial 
meaning conferred on it by A. E. Eddington, who coined the 
term originally, for he used it in.an instrumentalist sense 
as a label for a paradoxical entity. 
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the one open slit while in the other case it actually passes 

through both slits. 

One objection that can be raised at this point in 

the light of the experimental evidence considered above 

concerns the results of observations made to ascertain 

through which slit the electron passes. As noted earlier, 

whenever one electron passes through the two slit arrange

ment with a light source present, we observe only one flash 

at either slit A or slit B, but never at both as we would 

expect if the electron actually passed through both slits. 

In order to account for such findings, proponents of this 

view can maintain that while a micro-entity might actually 

be spread out in a region of space up until the time of a 

measurement, say Ax in the one dimensional case, it will be 

detected in any single act of measurement or observation 

only at a point x in that region. Upon observing the loca

tion of flashes when more electrons are transmitted through 

the slit system, one will find that the spread in the values 

of x will be as wide as the separation of the slits them

selves , and this spatial spread obtained experimentally from 

the many wavicles is attributed to each individual wavicle 

from the time it passes through the slits up until the time 

of the observation. 

With respect to the detection of these wavicles at a 

photographic plate P in Figure 1, a proponent of the view 

must maintain either that each electron strikes P along the 
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entire region Ax that will be darkened when many electrons 

are allowed to pass through the slit apparatus over a 

sufficiently long period of time, although it effects an 

interaction with the photographic emulsion at only one point 

within that region, or that at the instant of interaction 

with the photographic plate the electron's spatial spread 

collapses or converges to the point where the plate is 

darkened.^ 

The wavicle interpretation might seem to be a rather 

artificial or a<3 hoc approach at this stage of our inquiry. 

However, when compared with the instrumentalist's alterna

tive, a view which simply denies that quantum mechanics can 

be interpreted as an account of the passage of any existing 

thing between the electron gun and the photographic plate 

in the slit experiment, one is likely to feel that the 

wavicle view is somewhat more acceptable even in the light 

of the qualitative considerations above. A decision as to 

the adequacy of the wavicle account as a fully developed, 

interpretation of quantum mechanics must be deferred until 

later chapters where theoretical considerations of a more 

formal nature will be presented. 

The Particle Account 

Another realist response to the instrumentalist 

argument above consists in rejecting the second premise of 

5. These alternatives and criticisms chereof will 
be discussed in greater detail in Chapter VI. 
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that argument and espousing the position that micro-entities 

0 
are only particles. In the course of so doing, however, it 

is encumbent upon the realist to explain how the evidence 

discussed above can be interpreted in terms of a particle 

assumption. But before turning our attention to an examina

tion of this realist program, we must attend to a semantic 

objection to the particle account which has been raised by 

7 Ernest Nagel. 

According to Nagel, the formal equations of a theory 

implicitly define the entities and processes postulated by 

any interpretation of the theory. From this point of view, 

the term "particle" historically obtained its meaning from 

the Newtonian dynamical equations, that is, a particle is 

simply any thing that satisfies the laws of Newtonian 

mechanics. Insofar as physical objects such as baseballs, 

bullets, planes, etc., are dynamically describable by means 

of those laws, they may be regarded as systems of particles. 

On the other hand, since the dynamical behavior of micro-

entities such as electrons are clearly not describable by 

means of Newtonian mechanics, they can not be characterized 

as particles. 

6. Among those philosophers of science who have 
defended versions of a particle interpretation are Hans 
Reichenbach in The Philosophic Foundations of Quantum 
Mecahnics (Berkeley: University of California Press, 1944) 
and Alfred Lande in New Foundations of Quantum Mechanics 
(Cambridge: Cambridge University Press, 19657. 

7. Nagel, The Structure of Science, pp. 300-30 5. 
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This criticism of the particle interpretation of 

quantum mechanics is not a very potent one. Any view which 

maintains that the laws of a theory implicitly define the 

entities with which it deals must concede that any change in 

the formulation of those laws, however slight it might be, 

results in a change of meaning for the theoretical terms of 

that theory. But depending on how radical the change is, 

one might still retain the use of a term recognizing that 

its meaning has been extended to cover new phenomena. The 

important question here is whether or not the shift from 

Newtonian mechanics to quantum mechanics is drastic enough 

to warrant either giving up the use of the term "particle" 

to refer to micro-entities or insisting that it is being 

used in some radically different sense. 

It is interesting to note that Nagel seems to have 

no qualms about referring to the theoretical entities of 

relativistic mechanics as particles, while emphasizing that 

they are not classically describable and asserting that 

there is a shift in the meaning of property terms such as 

g 
"mass" in that context. His retention of the term 

"particle" here appears to be justified, however, because 

the shift in meaning for that term is not so great as to 

render its new use Pickwickian. This seems plausible when 

one considers that relativistic particles share certain 

8. Ibid., p. Ill 
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important features with their classical counterparts, such 

as having positions, velocities, and bearing mass and 

possibly charge, although one must examine the degree of the 

shift in the meaning of these property terms in turn. Along 

similar lines, a proponent of the particle interpretation of 

quantum mechanics can maintain that the term "particle" will 

be applicable to micro-entities, even though they are not 

classical particles, because they share enough features with 

classical particles to warrant the term's applicability. 

The particle theorists maintain, for example, that micro-

entities have positions, momenta, masses, and possibly 

charges, while conceding that certain of these might not be 

9 simultaneously measurable. Thus, while the notion of a 

particle is well defined within the context of classical 

mechanics, the meaning of the term "particle" may be 

legitimately extended to refer to the theoretical entities 

of various other theories due to the family resemblances 

among these different kinds of entities. In this light, 

then, we can speak of classical particles, relativistic 

particles, and quantum mechanical particles (or micro-

particles ). 

Now that I have dealt with this semantic objection 

to the particle interpretation, I shall consider the 

9.. In Chapter VI I shall deal with the problem of 
whether or not it is legitimate to attribute objective 
properties to them at all. 
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evidence which was offered as support for the conclusion 

that an electron (or any other quantum mechanical entity) 

could not have gone through either slit A or slit B in the 

event that curves such as are observed. In the first 

place, there is the evidence that when we observe the 

electron's passage through either one slit or the other 

there is no such distribution as P^ at plate P. This 

result, however, does not actually support the conclusion in 

question. This becomes evident when one considers that from 

the point of view of quantum mechanics, the very act by 

which one observes through which slit the electron passes 

disturbs the electron in an unpredictable and ineliminable 

fashion. This disturbance results in an alteration of the 

state of the electron so that those electrons transmitted 

through the slit system and not observed will arrive at P 

with a state ̂ , and those that are observed after trans

mission will arrive with a state ̂  ̂ and this is suffi

cient to explain the different distribution obtained at P. 

And since this evidence does not support the conclusion that 

the electron does not go through slit A or slit B when 

interference curves are obtained, it does not support the 

further conclusion that the electron cannot be a particle. 

10. Further details about interactions during 
measurements, as well as a discussion of the philosophical 
implications relevant to the realist-instrumentalist 
controversy, will be discussed in Chapter VI. 
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It should be noted that any attempt to minimize the 

disturbance resulting from a position measurement in the 

experiment considered earlier by means of a reduction of the 

intensity of the light impinging upon the slit system will 

fail due to the quantum nature of the light itself. Ac

cording to quantum electrodynamical theory light is composed 

of quanta called photons, and if one lowers the intensity of 

the light source he only affects the rate at which these 

photons are emitted and does not alter the effect of an 

individual photon on an electron. Hence, whenever an 

electron is observed to pass through one of the slits it 

must undergo a disturbance. 

Furthermore, if one attempts to minimize the effect 

of the interaction by decreasing the momentum transferred to 

the electron using the knowledge that the photon's momentum 

p is inversely proportional to its wavelength, that is 

p = h/X, he runs into the following difficulty. As the wave

length is increased to the point where one again gets an 

interference curve like despite photon interactions, it 

turns out that the wave length of the light is much longer 

than the separation of the slits A and B so that it is 

impossible to ascertain through which slit the electron 

passed. Similar results are obtained regardless of the 

means used to ascertain through which slit the electron 

passes. 
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Secondly, the particle view must account for the 

fact that when only one slit at a time is open to the 

electrons' passage, the distribution resulting from the sum 

of the distributions of those coming through slit A and 

those coming through slit B is not the same as the distribu

tion obtained from those passing through the slit system 

with A and B open simultaneously. Proponents of the 

particle interpretation can argue as follows."'"''' The struc

ture of the system through which the electron passes is 

different in those experimental situations wherein the 

electron is transmitted through a slit system having only 

one slit open from those wherein both slits are open. As 

Lande has noted, one can apply the quantum rule Ap = h/L 

for momenta transfers to electrons by structures such as S, 

where S is treated as a system which has periodic space com-

12 
ponents of lengths L composing its geometrical shape. It 

follows from such a treatment that a one slit system has a 

different set of L's from the two slit system due to its 

different structure and that consequently any electrons 

transmitted through the one slit system will have a different 

range of momenta, or Ap, transferred to them than those 

going through the two slit system. Thus the reason that the 

11. See for example Lande, New Foundations of 
Quantum Mechanics. Chapter 1. 

12. Ibid., pp. 9-12. 
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simple sum of the distribution for slit A and the distri

bution for slit B fails to yield the distribution for the 

case when A and B are open is that while the electrons in 

the latter case also pass through only one of the two 

open slits, they are transmitted through a system which, 

in virtue of its structure, transfers a different range 

of momenta to them from those in the other cases. 

The question as to why the opening of a second slit 

B in S can have an influence on whether or not a given 

electron will strike a point x on P when that electron has 

gone through slit A is explained on this account by noting 

that the opening of the second slit changes the distribution 

of matter in S such that one of a different range of momentum 

values will be transferred to that electron. As for the 

question of which one of the slits the electron actually r 

goes through in the two slit experiment, proponents of this 

interpretation can answer that it does not matter as far as 

the interference pattern is concerned, for the same range of 

momenta Ap is transferred to the electrons transmitted 

through a system with a given structure. All that is really 

important in this regard to the particle theorists is that 

they are able to conceive of the two mutually exclusive 

catenaries of those electrons passing through A and 

those electrons passing through B in a manner consistent 
/ 

with both the quantum mechanical formalism and the 
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experimental facts. If one desires to know which of the 

electrons emitted at any given time actually goes through 

slit A or through slit B, he can find out, but only at the 

expense of changing the dynamical state of the electrons in 

such a way that the distribution at P is changed. The inter

ference patterns obtained with micro-entities such as 

electrons, then, need not be accounted for by attributing to 

each a wave-like character, but is rather the result of a 

statistical build-up of these entities governed by quantum 

mechanical law. 

One objection that could be raised to the foregoing 

account of diffraction phenomena concerns the fact that it 

presupposes action at a distance. It is supposed that a 

particle's interaction with the entire slit system, and not 

simply those points of the system with which it comes into 

direct contact, affects the range of momenta that can be 

transferred to the particle. Thus the interaction with the 

entire system can alter the path of the electron thereafter. 

For example, in the two slit case we have already noted that 

the opening of slit B can affect the path of a particle that 

goes through slit A when slits A and B are separated in 

space. However, it does not seem that the mere introduction 

of action at a distance in a physical theory precludes a 

realist interpretation, for if it did then Newtonian celes

tial mechanics, which clearly involves such action, would 
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13 
not admit of a realist interpretation. A further objec

tion might be raised that this action is apparently trans

mitted instantaneously to the particle insofar as changes in 

the configuration of the slit system are taken as having an 

instantaneous affect on the range of momenta that might be 

transmitted to the electron, that is, at the instant one 

slit is closed, the equation for Ap changes. This objection 

is based on considerations of the special theory of rela

tivity, wherein there must be a finite time between any 

change in the position or state of motion of one object and 

its effect upon another object, the speed of light being the 

upper limit to the speed of such action. 

It must be noted that the force of this objection 

does not apply peculiarly to the particle interpretation or 

indeed exclusively to realist interpretations in general. 

Rather, it applies to any interpretation of the non-

relativistic quantum mechanical formalism since the effects 

of changes in boundary conditions, such as the number of 

slits that are open in a diffraction experiment, are regarded 

throughout as being instantaneously transmitted to the wave 

13. Paul K. Feyerabend in "Realism and Instrumen-
talism: Comments on the Logic of Factual Support," in The 
Critical Approach to Science and Philosophy. Mario Bunge, 
ed. (New York: Free Press of Glencoe, 1964), p. 298, claims 
that the introduction of action at a distance would lead to 
a violation of conservation of energy. Since this is in 
no way obvious and since in addition Feyerabend offers no 
proof of this claim, it will not be regarded as a serious 
objection in this paper. 
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packets whose matheraatical behavior allows us to calculate 

dynamical information about the associated micro-entities. 

Even instrumentalists, then, are faced with the violation 

of the temporal limitations for action at a distance set 

by relativity theory despite the fact that they might not 

interpret the action as physical in the realist's sense. 

One can safely say at this point only that the resolu

tion of this difficulty for all concerned must await 

the development of a successful relativistic quantum 

mechanics. 

Finally, David Bohm has argued that a particle 

account of the phenomena involving the alleged wave charac

teristic of micro-entities results in a formal violation of 

the quantum mechanical uncertainty relation for position and 

momentum, expressed as Ap Ax = h in the one dimensional 
X 

14 
case. For this demonstration Bohm employs an experimental 

situation wherein one measures the position of electrons 

using a proton microscope, as illustrated in Figure 2. In a 

discussion of the assumptions Bohm attributes to the pro

ponents of a particle account, he grants that a particle 

interpretation can regard the resolving power of the proton 

lens to be of the order of magnitude of where is 

14. David Bohm, The Quantum Theory (Englewood 
Cliffs, New Jersey: Prentice-Hall,.19517] pp. 134-136. Bohm 
actually uses the semiquantitative counterpart of the uncer
tainty relation :'_x.lpx > h/2, but the difference is not 
important for the purposes of this argument. 
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the half angle subtended by the microscope objective lens 

and X. is the de Broglie wavelength for the proton, in agree

ment with the results of wave theory. Hence, Ax for the 

electron is of the order of magnitude of X/sin^Q. He also 

assumes that the electrons are initially at rest with a very 

well defined momentum and that there is a parallel beam of 

protons having a well defined momentum p incident on the 

proton lens. Using such an apparatus one can measure the 

position of an electron by observing the location of scat

tered photons at the right side of the proton lens. If we 

construct our lens so that = TT/2 , then Ax = X/sin^0 = 

X/sin^ = X; and since X = h/p, we have Ax = h/p. Because we 

initially assumed a knowledge of a well defined initial 

momentum for the electron, say Ap', and the principle of 

conservation of momentum implies that the electron cannot 

obtain from the proton a momentum greater than a value of 

the order of magnitude of m/M p, where M is the proton mass, 

p the proton momentum, and m the electron mass, we have 

Ap' = m/M p. When this result is combined with the result 

above for the position of the electron, we obtain AxAp' = 

m/M h. But this allows for the product of the uncertainty 

of the position and the momentum of the electron a value 

much smaller than the minimum h permitted by the uncertainty 

relation since m « M. Bohm notes quite rightly that any 

interpretation of quantum mechanics which leads to such a 

glaring violation of the theoretical formalism must be 
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abandoned. The only correct account in his estimation is to 

regard a proton not as a particle during the time it inter

acts with an electron and is transmitted through the lens to 

a detecting plate, but rather as a wave originating at the 

point where it was scattered. On the latter interpretation, 

which is a version of the instrumentalists' complementarity 

view, the fact that only a small range of momenta can be 

transferred to the proton, that is Ap' = m/M p, implies that 

it must have a small range of wave numbers Ak so it acts as 

a narrow pencil of rays such as those treated in optics. 

Using the knowledge that the resolving power of a lens 

depends on the angular aperture of the incident "pencil of 

rays," A9, and is determined by the aperture of the lens only 

if this pencil covers the entire surface of the lens, Bohm 

is led to the conclusion that the resolving power is X/A0. 

Since A9 = Ap'/p = m/M, and since Ax = A./A9, we get Ax = 

(h/p)*(M/m), which does not violate the minimum allowed by 

the uncertainty relation. 

In criticism of this argument, it can be claimed 

that there is no reason why the information Bohm employs to 

save the theory from inconsistency, namely, that the range 

of momenta transferred to it by the proton leads to a small 

range of wave vectors, cannot be employed by proponents of 

the particle view as long as they concede, as they all do, 

that predictions of the outcomes of such experiments are 

determined by mathematical wave packets having ranges Ak 
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and Ax while they maintain that A0 is the range of angles 

through which the proton can be scattered by the electron. 

The realist can thereby retain the use of -the quantum 

mechanical formalism to generate predictions in the same way 

as the instrumentalist, that is, by means of mathematical 

wave packets and the Schrodinger equation, while adhering to 

a particle interpretation of the individual events. Thus 

A 9 can at the same time be viewed as a mathematical artifice 

of predictive value and a range of possible angles of 

scattering of individual electrons for realist purposes. 

And by maintaining that the range of angles A0 through which 

the protons are scattered depends on the range of momenta 

transferred to them, so that A9 = Ap'/p, and finally that 

Ax = (h/p)*(M/m), he obtains results in agreement with those 

of Bohm. The only difference between Bohm's account and the 

particle account, then, is that the latter regards the 

proton at all times as a particle which upon interaction 

with the electron is scattered through some angle 9 within 

the range A9, so that the surface area of the lens on which 

it might impinge is restricted to less than the total area. 

Hence, both views are formally consistent with the uncer

tainty relation and the principle of conservation of 

momentum. 
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The Wave Account 

Along similar lines to those pursued by proponents 

of the particle account above, a realist might reject Premise 

1 in the instrumentalist's argument from duality by reinter

preting the evidence first presented and attempting a wave 

interpretation of quantum mechanical entities. Those 

opposing such an interpretation might object at the outset 

that it is in no way clear that waves can even be considered 

as candidates for a realist account. It should be noted in 

this regard that all of the waves dealt with in physics are 

regarded by the full fledged instrumentalist as mere mathe

matical artifices of a certain form. And from a classical 

mechanical point of view, even a realist would hesitate to 

say that mechanical waves are existing entities, because to 

say that there are waves in a medium such as a string, water, 

or the air, says nothing more than that the matter in a 

string, in the water, or in the air is moving in a certain 

way so that energy is propagated from one point to another 

in that medium. The wave itself is not regarded as an 

entity, that is, as some thing that exists over and above 

the string, water, or air, but at most as an aspect of the 

medium, or a process through which the medium goes. With 

the advent of Maxwell's electromagnetic theory, however, the 

situation for the realist becomes markedly different. Elec-

trogmagnetic waves, or more generally electromagnetic fields 
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of which those waves are special cases, can be regarded as 

existing entities. 

Turning to evidence for the particle interpretation 

presented earlier, we note that there are essentially four 

different kinds of data which represent obstacles to a wave 

interpretation of quantum mechanical entities: 

1. The evidence that the motion of quantum mechanical 

entities involves a net transport of mass. 

2. The fact that a charge is attributed to certain of 

these entities, such as electrons. 

3. The fact that these entities cast what was described 

as a sharp shadow in certain experimental situations. 

4. The evidence that such entities are discrete. 

The first of these obstacles can be overcome by 

appealing to the theory of relativity in which there is an 

equivalence between mass and energy, expressed by the 

2 
equation E = mc . According to the usual interpretation of 

relativistic theory, this equation, in conjunction with the 

law of conservation of mass-energy, shows that there is no 

essential difference between mass and energy. It follows 

from such considerations that any transport of mass 

15. For an example of a realistic interpretation 
of such fields, see Albert Einstein and Leopold Infeld, 
The Evolution of Physics (New York: Simon and Schuster, 
1938) , p. 145. 
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corresponds to a transport of energy and vice versa, thereby 

eliminating the difficulty in question. 

The fact that quantum mechanical entities can have a 

charge while classical waves are not bearers of charge can 

be accounted for by arguing that one is dealing with a new, 

clasically unprecedented kind of wave in quantum mechanics 

which, in addition to being formally similar to classical 

waves and sharing certain physical characteristics with them, 

such as energy, a wave length, etc., have certain unique 

characteristics like charge. If such an approach is taken, 

it seems that objections based on the absence of certain 

properties for classical waves lose their force. 

Thirdly, the fact that streams of micro-entities 

cast what were described as sharp shadows in particular 

experimental arrangements can be accounted for by a proponent 

of the wave interpretation by pointing out the fact that the 

wavelengths of these entities are so very small that their 

wave character is not revealed when the dimensions of the 

physical systems used to investigate their behavior are not 

of the same order of magnitude. As an illustration of this 

point consider the experimental arrangement needed to display 

the wave character of light in the single slit diffraction 

experiment. In order to obtain the diffraction pattern that 

was construed classically as verification of the wave nature 

of light the width of the slit, w, must be no larger in 

prder of magnitude than the wavelength of the light, X. If 
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X « df instead of a diffraction pattern we get a sharply 

defined image of the slit, so that for all practical pur

poses the experiment could be treated in terms of a 

particle-like theory dealing with light rays, such as geo

metrical optics. It may be argued that experiments with 

micro-particles are essentially the same. In cases such as 

the cathode-ray experiments described earlier, the dimensions 

of the apparatus are so large compared with those of the 

electrons that their wave character is simply not observed. 

In the case of an electron of a relatively low kinetic 

energy of the order of magnitude of lO-^ ergs, the elec-

— 8  
tron's wavelength is 10 cm, which is of the order of the 

size of an atom or of the interatomic spacing of the atoms 

in a crystal. This explains why the wave character of such 

entities was not discovered until refinements in experimental 

apparatus allowed physicists like Davisson and Germer to 

examine the results of reflecting and transmitting electrons 

through crystal lattices. 

Finally there is the evidence that micro-entities 

are discrete rather than continuous objects, and this con

stitutes the most formidable obstacle to a wave interpreta

tion of quantum mechanics. Since the wave interpretation 

involves the ascribing of ontological status to the wave 

packets employed in quantum mechanics, and since these wave 

packets constitute its only hope to account for the discrete 

character of micro-entities within the present quantum 



101 

mechanical formalism, I shall defer my treatment of these 

difficulties until I have completed a discussion of the 

appropriate theoretical formalism. 

Other Realist Alternatives 

In addition to the three realist proposals already 

considered, it should be mentioned that there have been a 

number of other realist interpretations offered at various 

times during the history of the quantum theory. The most 

prominent examples include the pilot wave interpretation 

originally developed by Louis de Broglie and the hydro-

16 
dynamical interpretation proposed by Madelung. The former 

view postulated that there is, in addition to a particle

like micro-entity such as an electron, a wave associated 

with each micro-particle which guides the dynamical path of 

that micro-particle, while in the latter micro-entities were 

depicted as irregularities or inhomogeneities in an all-

pervasive, compressible fluid substratum having an irrota-

tional flow. Since neither of these attempts nor any others 

known to the author has shown the potential for a thorough

going interpretation of quantum mechanics they will not be 

discussed at any length. 

Those familiar with the hidden parameter approach 

being developed by David Bohm and his co-workers might 

wonder at this stage of our inquiry why we have not 

16. E. Madelung, "Quantentheorie in hydrodynamischer 
Form," Zeitschrift fur Physik. Vol. 40, 1926, pp. 322-326. 
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considered that realist view. The reason is simply that 

this dissertation is restricted in scope to viable interpre

tations of the accepted non-relativistic quantum mechanical 

formalism which do not repudiate that formalism. But the 

hidden parameter theorists have no formalism to interpret 

and regard the existing formalism as at best an approximation 

or special case of the theory they are attempting to develop. 

So even if we regard the hidden parameter theorists as having 

an "interpretation" of the existing theory, it is not an 

interpretation in the sense relevant to this inquiry. 

Conclusion 

Now that we have considered how various realist 

interpretations can account for the crucial evidence pre

sented earlier in this chapter, we must go on to examine 

their adequacy with respect to the main conceptual aspects 

of the quantum theory, which includes the notion of state, 

the uncertainty relation, and the quantum mechanical account 

of measurement. In the next two chapters I shall examine 

realist positions concerning these key aspects of the theory 

and in the course of so doing consider related intrumentalist 

objections. 



CHAPTER V 

THE INTERPRETATION OF THE QUANTUM MECHANICAL 
STATE FUNCTION 

Introduction 

In this chapter I shall examine the realist inter

pretations of the quantum mechanical state function corres

ponding to each of the three realist positions outlined in 

the last chapter. In the course of so doing, I shall 

compare the classical notion of the state of a system with 

the quantum mechanical notion of state in order to elucidate 

the latter in contrast with its conceptually simpler and 

philosophically less controversial classical counterpart. 

I shall also introduce and explicate the quantum mechanical 

formalism required for the discussion of the philosophical 

issues at hand, although there will be no attempt to develop 

it in detail. 

The Concept of State in Classical 
Mechanics 

I shall now briefly examine the Newtonian mechanics 

of mass-points in order to explicate the relevant classical 

concept of the state of a system. Firstly, a mass-point is 

a mechanical representation of a physical body whose dimen

sions can be neglected for dynamical considerations so that 

its mass is regarded as concentrated at a geometrical point. 

103 
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These mass-points are usually referred to as particles. The 

application of classical mechanics to bodies whose physical 

dimensions are not dynamically ignorable involves more 

complex mathematics, and will not be considered for purposes 

of simplicity. Since the extension of the mechanics of mass-

points to such bodies does not involve the introduction of 

any basically new theoretical concepts, but treats them as 

systems composed of large numbers of point-masses, this 

restriction will not affect the issues I shall raise in 

comparing classical mechanics with quantum mechanics. 

In its Newtonian formulation, the classical mechani

cal law of motion for a single mass-point or particle in a 

-»• 2-a* 2 -*• 
closed system can be expressed as F = m d r/dt , where F 

is the total or resultant force acting on the particle, m 

is the mass of the particle, r is the position vector of the 

particle, and t is the time. In order to apply this law to 

a given particle so as to describe or predict its motion, it 

is necessary to know the form of the force function F. Once 

this is obtained, one can integrate the equation, at least 

in principle, to find r as a function of t, assuming only 

that F is itself a function of r and its derivatives with 

respect to time. Since the law of motion is a second order 

differential equation, it must be integrated twice in order 

to obtain a general solution. The general solution thereby 

obtained will involve two arbitrary vector constants of 

integration. In order for the equation to describe a 
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definite motion for a mass-point, as opposed to a whole 

class of possible motions, the values of these constants at 

a given time must be specified. This can always be done, 

in principle, because these constants are related to the 

initial values of the postion r and velocity v, usually 

chosen at t = 0 and designated as r and v . Because the 3 o o 

position r and velocity v, or more generally the position r 

and momentum p where p = mv, at some specified time t, play 

such a crucial role in determining the dynamical behavior of 

a particle, they are jointly regarded as defining the 

mechanical state of a particle at t. It should be noted 

that the mechanical state at t = 0 is generally called the 

initial state and the variables of position and momentum, 

that is, r and p, are called the state variables. For a 

system consisting of N particles, 2N state variables, or one 

set of r and p for each particle, are required to specify 

the mechanical state of the system. Finally, we note that 

two different systems can be said to be in the same state in 

the event that each is put into a state wherein they have 

A. _X, 
the same value of r and p. For the realist, the state 

variables, as well as the other mechanical variables of a 

system of particles such as the mass and kinetic energy, 

represent properties of, or relations among, the bodies 

whose dynamical behavior is accounted for by mechanical 

theory. In the second chapter of this dissertation I con

sidered instrumentalist objections to a realist account of 
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theoretical terms, while I dealt in the third chapter with 

considerations relevant to regarding quantity terms as 

property names, and there are no features peculiar to 

classical mechanics which require any further discussion of 

these topics. As we shall see, however, the situation is 

markedly different with respect to quantum mechanics. 

The Quantum Mechanical Concept of State 

From a historical perspective, one can see that 

quantum mechanical theory has been developed in terms of 

three distinct formalisms. In 1924, Werner Heisenberg 

introduced the first of these which has been termed matrix 

mechanics since it employs a matrix calculus as its major 

mathematical tool. Within the next two years, Erwin 

Schrodinger discovered a second approach to atomic physics 

according to which the same physical results obtained by the 

matrix method could be derived by totally different methods 

of calculation. Because these methods involved the solution 

of an equation that is formally similar to wave equations 

found in classical physics, Schrodinger1s theory has been 

termed wave mechanics. Although the existence of two formal

isms yielding the same results was initially perplexing, 

Schro'dinger soon clarified the situation by demonstrating 

that the theories of matrix mechanics and wave mechanics 
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were mathematically equivalent."'" Finally, a general quantum 

mechanical theory, developed initially by P. A. M. Dirac, 

was formulated in such a way that the elements of the matrix 

calculus, as well as those of wave mechanics, are special 

2 cases of operators in a Hilbert space. In the following 

discussion we shall employ wnat is essentially a modified 

version of Schrodinger's theory, that is, a version of wave 

mechanics, since this expression of the theory is the one 

most widely used by physicists as well as the version found 

almost exclusively in treatises on the philosophical issues 

of quantum mechanics. It should be emphasized, however, that 

the philosophical issues relevant to this dissertation could 

be approached instead using the language of the matrix 

calculus or that of points in a Hilbert space. 

The quantum mechanical law of motion for a micro-

3 
entity in a closed system is 

H [^(x,y,z,t)] = ih 5Mx,y^z , t) ^ 

1. Although there is some controversy concerning the 
equivalence of these two formalisms, the problem raised 
therein have no special bearing on the realist-instrument
alist controversy in quantum mechanics. 

2. For a more detailed account of the development 
of these three approaches and their interrelationship, see 
Max Jammer, The Conceptual Development of Quantum Mechanics 
(New York: McGraw-Hill, 1966) , especially Chapters 5 and 6. 

3. ^More generally, ̂  is also a function of (crx,0y, 
CTz) , where a" is a property of a micro-system called the spin. 
For the sake of simplicity I omit reference to the spin 
throughout this chapter. 
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In this equation, i = -/ -1, h. is defined in terms of Planck's 

constant h such that h = h/2nf and H is a Hermitean operator 

which is obtained from the classical Hamiltonian function by 

replacing each momentum p canonically conjugate to the co-

, 4 ordinate q by the operator n/i d/9q. Theoretically 

speaking, the function ^ is a mathematical representation of 

all the dynamical information that is associated with the 

micro-system for purposes of prediction. Since the 

Scrhodinger equation is a first order linear differential 

equation with respect to time, it can be solved for the 

function ifr, in principle, by integrating it once.^ The" 

general solution will then contain one constant of integra

tion which must be specified in order for the equation to 

yield information about the specific system of interest. 

This can be done, in principle, since the constant in ques

tion represents the initial value of the xp-function, usually 

chosen at t = 0 , that is, (x,y , z, t ). Because the 

4. This rule for generating H applies to a represen-
ation in rectangular coordinates, but the operators can be 
represented in terms of non-rectangular coordinates, e.g., 
polar coordinates, by means of the appropriate transforma
tions. Also, in the event that p and q are common factors 
of a term, their order must be symmetrized such that H is 
made into a Hermitean operator. 

5. It should be noted that there area number of 
mathematical restrictions concerning which solutions are to 
be regarded as physically significant. The details concern
ing these restrictions are not relevant to our discussion, 
and can be found concisely stated in Edwin C. Kemble, The 
Fundamental Principles of Quantum Mechanics with Elementary 
Applications (New York: Dover, 193 7), section 32b. 
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^-function of a system plays ^ dynamical role analogous to 

.jk. 
the r and p in classical mechanics, it is called the state 

function, and its value at t is called the initial state of 
o 

the system. The initial state is obtained in practice by a 

g 
process called the preparation of state. 

The Physical Wave Interpretation 

of the ̂ -Function 

Mathematically the «/r-function often takes the form 

of a wave in simple cases, so that it is formally similar to 

the functions used classically to describe phenomena such as 

sound waves and electro-magnetic waves. More specifically, 

the ̂ -function has the form, in general, of a wave packet. 

although it may take on the form of a plane wave as a 

special case. An ordinary plane wave of a definite wave

length \ is spread all over space, while a wave packet is 

restricted to a definite region of space. A wave packet can 

be constructed mathematically by the superposition of an 

indefinite number of monochromatic waves of slightly dif

ferent wavelengths, having phases and amplitudes chosen so 

that they interfere constructively only throughout a small 

region of space. Outside this region, destructive inter

ference causes the value of the amplitude to rapidly 

decrease to zero. 

6. For a specific example of how this can be done, 
see Willis E. Lamb, "An Operational Interpretation of Non-
Relativistic Quantum Mechanics," Physics Today. Vol. 22, 
1969, pp. 23-28. 
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Wave packets were originally introduced into the 

sphere of quantum mechanical considerations by Louis de 

Broglie in 1923 when he postulated that the micro-entities 

out of which matter was composed, such as electrons, would 

display wave-like properties. At that time his argument was 

based solely on the similarity between the equations of 

motion of classical mechanics in the form of the Principle 

of Least Action, and those of wave propagation in the form 

of the Principle of Least Time, in conjunction with the fact 

that radiation had displayed a particle like character in 

7 
the investigation of the photoelectric effect. His hypoth

esis did not receive any experimental confirmation until the 

Davisson-Germeer experiments in 1927. 

De Broglie also postulated that the motion of a 

particle of matter, insofar as it would display wave-like 

properties, could be described in terms of an associated 

wave which he called a pilot wave, his idea being that the 

particle was actually guided by the propagation of its 

associated wave. The tie between the wave's properties of 

frequency v and wavelength X and the associated particle's 

properties of energy E and momentum P were assumed by de 

Broglie to be expressed by the equations E = hv and p = 

h/X, which are called the de Broglie relations. Although 

7. For further details concerning the formal 
similarities between the two classical equations, see Peter 
Fong, Elementary Quantum Mechanics (Reading, Massachusetts: 
Addison-Wesley, 1962), pp. 36-37. 
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de Broglie's theory was successful in deriving certain 

results that had previously been introduced as rules in an 

ad hoc fashion in what is now called the "old quantum 

theory," it was severely deficient as a dynamical theory 

because it provided no indication of how these waves 

propagated in time. 

In 1925 Erwin Schrodinger succeeded in constructing 

an equation for the propagation of the waves associated with 

the mechanical system, that is, an equation which specifies 

that the ̂ -function of a system changes in time. This is, 

of course, the equation of motion for quantum mechanics 

which was discussed previously and is called Schrodinger's 

time dependent equation. Schrodinger1s initial approach 

consisted in identifying the wave packets designated by the 

^-functions with the micro-entities whose behavior was being 

investigated, that is to say, he attempted to develop a 

realist interpretation which construed micro-entities as a 

kind of physical wave or matter wave. On this physical wave 

interpretation, the mass, charge, and other physical 

properties of a wave packet or micro-entity were to be 

regarded as spread over the region in space defined by the 

spatial dimensions of the ̂ -function representing it, while 

the wave amplitude, represented by the square of the abso

lute value of ifr, that is, where t/f* is the complex 

conjugate of i/f, is to be proportional to both the charge 

density and the energy density of the wave. Thus, this 
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interpretation regards the state function i j /  as having direct 

physical significance. 

In Chapter IV, we distinguished four kinds of 

empirical evidence that could be advanced against a wave 

interpretation of quantum mechanics, and presented con

siderations which accounted for the first of the three 

difficulties at that time. We now turn our attention to 

the fourth kind, namely, the evidence that micro-entities 

are discrete. As we noted earlier in Chapter IV, this 

evidence concerns the fact that micro-entities are observed 

as if they are well localized entities in many experimental 

situations, such as when they are detected at photographic 

plates, and the fact that the electronic charge is 

indivisible. Now although a phenomenon such as discreteness 

would be unaccounted for if we restricted our attention to 

plane waves since they are spread throughout all space, the 

use of wave packets in the theory offers some promise of 

accounting for the evidence under consideration because of 

their localized nature. However, there are a number of 

features of these wave packets which have been regarded as 

obstacles to such a straightforward realist interpretation 

in terms of physical waves. 

One alleged difficulty with such an interpretation 

concerns the fact that the ̂ -function is in general a 

mathematically complex function, that is, a function 
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involving V-l, as opposed to a mathematically real function. 

In the light of the mathematical nature of j/r, it is main

tained that the numerical value of ̂  simply cannot be 

measured. But if the value of «/r can in no way be measured, 

then can not designate any physically real waves, for the 

9 
properties of such waves must be measurable. In response 

to this sort of criticism, commentators such as Hans 

Reichenbach and Mario Bunge have pointed out the fact that 

complex functions are mathematically nothing more than a 

short hand notation for representing two real functions.^ 

Thus, the solution to the Schrodinger equation can be 

written in the form of a single complex function or in the 

form of a pair of real functions. The consequence of this 

fact relevant to the objection under consideration is that 

it is possible in principle to regard the real parts of the 

if/-function as designating physical properties of the wave 

packets represented by iff. Hence, the complex character of 

^does not preclude a direct physical wave interpretation. 

8. For a proof that the i/r-function cannot be 
replaced by a single real function, see Bohm, The Quantum 
Theory. pp. 84-88. 

9. For examples of this view, see Robert M. Eisberg, 
Fundamentals of Modern Physics (New York: Wiley, 1961), 
pp. 170-171; and Max Born, Atomic Physics (New York: Hafner 
Press, 1957), p. 144. 

10. Mario Bunge, MetaScientific Queries (Springfield: 
Charles C. Thomas, 1959), p. 223; and Reichenbach, The 
Philosophic Foundations of Quantum Mechanics, p. 135. 
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Another alleged difficulty with the physical wave 

interpretation is based on the fact that the wave packets do 

not remain localized but disperse or spread in time. Hence 

the longer the interval between the time we prepare the 

initial state which may, in principle, designate a wave 

packet localized to an arbitrarily small region of position 

space, and the time we determine our final state the 

greater will be the spread of that wave packet. But experi

ments show that the micro-entities are always observed as 

discrete entities. For example, each will cause a small 

spot to appear on a photographic plate, and the size of the 

spot resulting from any individual micro-entity striking the 

plate is not dependent on the time between its emission and 

its detection at the plate. Thus, it seems that proponents 

of the wave interpretation must maintain that at the instant 

a position measurement is made, the wave physically collapses 

to an infinitesimal region in space. The specific diffi

culty associated with this view is that it incorporates a 

violation of relativity theory since it necessitates the 

transport of mass at an infinite speed. Regarding this 

point, one could argue that it might be possible to develop 

a relativistic quantum mechanical formalism which allows for 

the description of a rapid but not instantaneous contraction 

of the wave packet. Some commentators on this issue have 

even speculated about the possibility that relativity theory 
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is not correct in the domain under consideration."'"1 But 

even discounting this aspect of the wave interpretation, 

there are a number of other features of the wave packets 

which seem to preclude a physical wave interpretation. 

In the first place, the wave packets can be regarded 

as propagating in physical, three dimensional space, only in 

the case of single micro-entity systems, where is a 

function of the spatial coordinates (x,y,z,). But the wave 

packets for many-particle systems require a many dimensional 

phase space or configuration space and can not, in general, 

be regarded as propagating in physical space. For example, 

in a system consisting of two particles, ^ is a function of 

^X1'^1'Z1/X2' ̂ 2' z2ft^ where x^ is the x coordinate of the 

first particle, ^ is the x coordinate of the second 

particle, etc., so that the wave packets propagate in a six 

dimensional configuration space. For the general case of a 

system of N particles, this result is readily extendable so 

that \jj is a function of 3N spatial coordinates and the 

configuration space is 3N dimensional. Since the waves 

designated by the ^-function cannot be regarded as waves 

in physical space, which is 3 dimensional, it seems that 

they can not be regarded as physical waves. 

A second fatal inadequacy of the wave interpretation 

concerns the fact that the wave packets are divisible in 

11. Bunge, MetaScientific Queries, p. 229. 
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certain experimental situations. Consider, for example, the 

experimental apparatus schematically illustrated in Figure 

3. Here micro-entities such as electrons having a well 

defined momenta are directed to a crystal and may be trans

mitted through the slit system one at a time. If the 

crystal is oriented properly, the wave packet for each 

micro-entity will split into two wave packets at the 

crystal, one of which will be reflected to a detector d^, 

and the other to a detector d2- If the wave packets desig

nated by the ^-functions were actually identical with the 

micro-entities, then the micro-entity itself, for example an 

electron, insofar as it were a physical wave, would be sub

divided at the crystal. However, this splitting would have 

empirically testable consequences at d^ and 62* The energy 

of the part of the micro-entity arriving at d^, for example, 

should be only some fraction of the energy of the incident 

micro-entity and likewise for the mass and charge. But 

what is discovered is that a micro-entity is observed at 

only one of the detectors, and it bears the total charge, 

mass, and energy of the incident micro-entity. Thus, while 

the wave packets can themselves be subdivided, the micro-

entities with which they are associated can not. The 

inescapable conclusion is that the micro-entities cannot be 

the waves designated by the ̂ -function, so this attempt to 

interpret the iA-function as having direct reference to 
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physical reality fails in the face of the experimental 

12 
evidence for the discreteness of micro-entities. 

Born's Statistical Interpretation of 
the ̂ -Function 

In 1926 Max Born succeeded in formulating a quanti

tative connection between the i/r-function of a system and the 

dynamical parameters describing that system by means of two 

assumptions which are now an integral part of quantum 

mechanics. It must be noted at the outset of this section 

that while Born's assumptions constitute what is often 

called an interpretation of the ̂ -function, they should not 

be regarded as a philosophical interpretation of the meaning 

or significance of the i/r-function. Rather, they should be 

accorded the status of a philosophically neutral empirical 

interpretation of \J/, so that they are, along with the <A-

f unction, a part of the subject matter of quantum mechanics 

requiring philosophical explication and do not themselves 

resolve the realist-instrumentalist controversy with 

respect to the ^-function. It is particularly important 

to recognize the sense in which Born has "interpreted" the 

function since his assumptions suggest, at least prima 

facie, that the micro-entities serving as the theoretical 

12. It should be noted that Schrodinger has indi
cated a preference for the physical wave interpretation as 
late as 1952 in "Are There Quantum Jumps?," Parts I and II, 
British Journal for the Philosophy of Science, Vo1. 3, 
pp. 109-123, 233-242. 
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entities in quantum mechanics are physical particles 

analogous to the point masses in classical mechanics. 

Although we shall consider the merits of such a philosophical 

interpretation in due course, it does not exhaust the possi

bilities; for if it did, there would be no realist-

instrumentalist controversy in quantum mechanics. 

Born's first assumption for the wave function 

\Mx,y,z,t^) which designates the quantum mechanical state 

of a micro-entity at a given time t^, states that the square 

of the absolute value of \{/, that is, 

I (x.y.z,^) I2 = i/r*(x,y , z,^) (x,y .z,^) , 

represents the probability distribution of the position of 

the micro-entity in coordinate space (x,y,z) as follows: 

|^ (x,v,z,t^)| dxdydz represents the relative probability 

at a time t^ of observing the micro-entity at (x,y,z) in the 

volume element dxdydz. In determining the probability, the 

2 
square of the absolute value of or |^| , is used instead 

2 
of simply the square of 4f, or iff , because ^ is a complex 

2 
function. We also note that since | ̂ (x,y,z,t^)| dxdydz 

represents a relative probability, and since the total 

probability equals unity, the following condition, called 

the normalization condition, must be satisfied for any 

acceptable state function: 

JJ7 | ̂  (x,y ,z,t1) |2dxdydz = 1. 



120 

It can be shown that any unnormalized wave function can be 

normalized.^ 

By employing the mathematical methodology of Fourier 

analysis. the wave function iff can be represented as an 

integral over a series of terms, that is, we can write 

i(xk +yk +zk ) 
^(x,y,z,t, ) = [T!V(k ,k ,k )e x y z dk 

' 1 x' y' z x y z 
CO 

where the ^(k) are called the Fourier coefficients of 

\Mx,y,z,t^). So once the ̂ -function is known, the Fourier 

coefficients Ck) can be calculated as 

-i(k x+k y+k z) 
<^(k ,k k ) = J*JJ «A(x,y,z,ti)e x y z dxdydz# 

2 09 

. Born's second assumption for the wave function ̂  states that 

the square of the absolute values of the Fourier coefficients 

of ^(x,y,z,t^), that is, 

|^(k ,k ,k )!^ = ̂ *(k ,k ,k )0(k ,k ,k ), 1 x' y' z i x' y' z ̂  x' y' z ' 

represents the probability distribution of the momentum of 

the micro-entity in momentum space (px,Py,Pz) where px = 

likx, Py = Kk^, and pz = likz according to the de Broglie 

relations, as follows: |^(kx,k ,kz)| represents the rela

tive probability of finding the micro-entity with a momentum 

equal to (p ,p ,p ) at a given time t, in the range 
x y z - -L 

<3pxdpydpz. 

13. Fong, Elementary Quantum Mechanics, p. 63. 
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Due to the fact that the empirical interpretation 

of the ̂ -function is based on assignments of relative 

probabilities that various parameters have certain values, 

statistical assemblages of systems called ensembles play an 

essential role in quantum mechanics. An ensemble is simply 

a set of identically prepared independent systems, that is, 

/ 14 a set of independent systems in the same state v. The 

ensemble can be either a space ensemble or a time ensemble, 

or some combination of both. A space ensemble is an 

assemblage of N copresent independent systems, on which we 

simultaneously make N measurements to ascertain the relative 

probability that a parameter will have a certain value at t. 

A time ensemble is an assemblage of N independent systems 

identically prepared with the same state ift in temporal 

sequence, on which we can make N measurements at N different 

times in order to ascertain the relative probability that a 

parameter will have a certain value at the same time t, 

where t = tnf - tn^, tn^ being the initial time for each 

preparation and tnf being the time at which the measurement 

is made. Thus, given that a micro-entity is in a state 

^(x,t) from which we can predict that the relative 

14. We are concerned here only with pure ensembles, 
and will not consider the mixed,ensembles resulting from less 
precise initial state preparation. For further explication 
of these differences, see James L. Park, "Quantum Theoretical 
Concepts of Measurement," I and II, Philosophy of Science , 
Vol. 35, 1968, pp. 205-231, 369-411. 



probability that it will be located at x^ within dx^ is .5, 

the prediction is verified by performing measurements on an 

ensemble of N systems in the same state ̂ (x,t) and finding 

that as N approaches infinity, the number n of micro-

entities in the ensemble that will be located at x^ 

approaches .5N, that is, as N —*t n/N —> .5. 

The Born assumptions taken together with the 

Schrffdinger equation can be regarded as the foundation of 

quantum mechanics since one can go on to deduce from them, 

in conjunction with some assumptions relating to the mathe

matical constructs of operators and commutators, the re-

15 
mainder of the formalism of the quantum mechanical theory. 

I shall go on to briefly examine those remaining features 

of the formalism which are pertinent to the philosophical 

issues that I will consider in the remainder of this 

chapter.^ For purposes of formal simplicity, I shall 

restrict the scope of the discussion to the one-dimensional 

case wherever it is judged to be significantly more con

venient than its many-dimensional counterpart. 

15. For a concise but fairly elegant treatment of 
such an undertaking, see Fong, Elementary Quantum Mechanics. 
pp. 297-311. 

16. By the term "formalism," I refer to the 
equations of the theory together with Born's empirical 
interpretation. 
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Operators and Expectation Values 

An operator jO represents a mathematical operation 

which may be applied to a function f(x) and changes that 

function into another, say g(x). We can represent this 

relation formally as (3f(x) = g(x). Hence, one can regard 

multiplication by a given number, differentiation with 

respect to a given variable, etc., as applications of 

operators, the operations involved being multiplication,dif

ferentiation , etc., respectively. Furthermore, operators 

may be added and multiplied to form new operators. When the 

multiplication of two operators 0^ and 0^ does not commute, 

that is, when 0 ^ 02 , we may define a new non-

vanishing operator 0^ 0^ - 0^ which is called the com

mutator of 01 and 0^. Finally, an operator is called 

Hermitean if it satisfies the equation: 

for any two functions f(x) and g(x) which vanish at infinity. 

With respect to quantum mechanics, the importance of these 

Hermitean operators derives from the fact that 

is a real number and equations of this form, as we shall 

CO 

f (x)dx 

00 
J* ^*(x)C>H |^(x)dx 
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see, are used to calculate the average values of measurable 

quantities which must be real numbers if we are to employ 

ordinary scales of measurement. 

The expectation value or average value of the co

ordinate x at the time t^ for a particle described by a 

normalized state function ^(x.yjZ,^) is 

^(tl) = /J/ * ̂ (x.y.z.t^dxdydz, 

and so one for the coordinates y and z. This result follows 

immediately from Born's first assumption since the integrand 

is just the value of the x, y, or z coordinate weighted by 

the probability of observing that value, so that upon 

integration we obtain the average of the observed values. 

The average values of the coordinates x, y, and z will be 

real numbers since they satisfy the conditions for a Hermi-

tean operator when treated as multiplication operators. The 

expectation value of the momentum px of a particle in a 

state ^(x,y, z,^) is = JJJ* ^(x,y,z,t1) j• 

17 
^ (x,y t z, t^ )dxdydz, and so on for pv and pz» Since the 

momentum operators px = J Py = T and pz = J can 

be shown to be Hermitean, the average values of the corres

ponding momenta are mathematically real. We can obtain 

similar results for the average value of any functions f(x), 

Px", f(Pxn)' and f(PX'Py'Pz'X,y'z)' S° that ±n 9eneral 

17. For the proof of this equation, see Fong, 
Elementary Quantum Mechanics. p. 300. 
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formulation of quantum mechanics it is plausibly assumed 

that all dynamical quantities are associated with Hermitean 

operators which yield real numbers as average values when 

they operate on any given state function <A.Formally, 

this can be expressed as f = J i/r*F ^dT, where F is a Hermi

tean operator associated with the quantity f. Thus, it is 

postulated in quantum mechanics that all of the dynamical 

information about a micro-entity that can be predicted by 

the theory is "contained" in the state function ̂  in the 

sense that from the initial value of ̂  we can calculate the 

value of \}j at any later time by means of the Schrodinger 

equation of motion and then extract from the final *!*-

function the expectation values for all the dynamical vari

ables associated with the micro-entity. 

The foregoing considerations indicate that quantum 

mechanics can be used to predict the relative probability 

that a mechanical parameter of a system will possess a 

certain value or be used to predict the average value of 

that parameter over a suitably large number of measurements 

on an ensemble of systems in the same state. The question 

that arises at this point is whether or not a system can be 

put into a state such that some parameter has a definite, 

predictable value, that is, a state wherein the probability 

is unity that the parameter f has a certain value c^ such 

18. For further discussion of this point, see 
ibid., pp. 301 ff. 
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that f = cf. In this regard, it can be demonstrated that 

any state function ^f(x,y,z) satisfying the operator equa-

tion 
n fli a f ii a , fc a , ^ . 
£f I "Sx I "Sy T Tz'' x'y'z) ^f(x'V.z) = 

Cf «Af(x,y ,z) , 

where c^ is a constant, is a quantum mechanical state for 

which measurements of any quantity that is a function of the 

momenta and position coordinates yield a fixed, invariable 

19 
value cf, as opposed to many different values. Any state 

function which satisfies the above condition is called an 

eigenfunction of the operator 0f belonging to the eigenvalue 

cr 

The Uncertainty Relation 

The average values x and px can be obtained using 

the operators and X as noted above. The mean-square 

deviation of position from the average x can be obtained as 

follows: 

(Ax)^ = J \j/* (x) I" X -x]^ «A(x)dx 
— eo 

for the mean-square deviation 

/« *2 df/ — \ 2 (Ax) = (x - x) . 

Similarly, we obtain as the mean-square deviation of momentum 

from the average px: 

19. For this proof, see ibid.. p. 303. 
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(A p
x> 2  = J* ^r*(x)[Px - px]2 ^(x)dx. 

If we define two new operators A = X - x and 13 = P - p , 
1 X X 

we obtain the result: 

00 
(Ax)2(Apx>2 = \ | J i/r* (x) (AB-BA) <Mx)dx|2 

— ffO 

by means of integration by parts, the use of the Schwartz 

inequality, and the fact that the operators involved are 

20 
Hermitean. It follows that 

( Ax)2 ( Ap )2 = h | J ̂ *(x) (XP -P x) if/ (x)dx|2 

X ^ X X 

2 2 > 
by substitution for A and 15, and hence that (Ax) (Apx> = 

2 
h h since the commutator of the momentum operator and the 

position operator is 

P X - XP = 
x— — x (t^; -x)-(x- iis) 

h 
i 

Finally, by taking the square root of each side of the in

equality, we obtain 

A A > h 
AxAp = ~2 • 

This result is usually referred to as the uncertainty 

relation for position and momentum since Werner Heisenberg 

in 1926 annunciated a semi-quantitative result of the same 

name which approximates this. As the derivation shows, the 

relation is based on two important conceptual points: 

20. For details see ibid., p. 309. 
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2 2 
firstly, the definition of the "uncertainties" Ax and Ap 

in terms of the mean-square deviations of position and 

momentum, respectively, and secondly, the non-commutativity 

of the operators Px and X . By like method, we will obtain 

for any dynamical parameters a similar set of relations for 

their mean-square deviations if their corresponding Hermi-

tean operators do not commute, that is, we obtain: 

00 

(AA)2(AB)2 = I / (a^fta) ̂ (x)dx|2 = 

where a = A-A and 3 = B-B, which we can call the general 

uncertainty relation. Another so-called uncertainty rela

tion for energy and time can be derived, but not by the same 

method cited above. Surprisingly enough, few treatments of 

the quantum mechanical formalism note the special difficulty 

associated with this relation, which stems from the fact 

that the time parameter involved can not be represented as a 

21 
Hermitean operator. In fact, most treatments erroneously 

assume, either tacitly or explicitly, that this parameter 

can be treated on a par with the other parameters. However, 

one can deduce from the general uncertainty relation that 

AAAE = JshldA/dtl for the root-mean-square deviation of the 

21. Leslie E. Ballantine, "The Statistical Inter
pretation of Quantum Mechanics," Reviews of Modern Physics. 
Vol. 42, October, 1970, pp. 358-381. 
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energy, AE, and root-mean-square deviation of any arbitrary 

22 
observable, AA. If one defines the characteristic evolu

tion time for the dynamical variable A as 

_ ^ 
TA ~ |dA/dt j , 

it follows that taAE = M1- This equation is conceptually 

different from other uncertainty relations since ta is not 

defined in terms of a mean-square deviation, but it is still 

based on the notion of ensembles since it is defined in terms 

of the ratio of two ensemble averages. According to this 

method, one could define a characteristic evolution time for 

each dynamical variable in the system, which, physically 

speaking, is the time characteristic of the evolution of the 

statistical distribution of the parameter A, that is, it is 

the time required for the center A of this distribution to 

be displayed by an amount equivalent to the width of the 

distribution, AA. The considerations above clearly indicate 

that this characteristic time T is not the same as the 

parameter t appearing in the Schrodinger equation or the 

time t at which a measurement is made. Hence, it should be 

obvious that there is simply no theoretical foundation for 

the relation AE At = %h, where t is the time at which a 

measurement is made, that is, there is no way that this 

expression can be derived in quantum mechanics. I 

22. Albert Messiah, Quantum Mechanics. Vol. I and 
II (New York: John Wiley and Sons, Inc. , 1968) , pp. 319-320. 
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explicitly note this because discussions of the philo

sophical interpretation of the uncertainty relation have 

frequently been concerned with that spurious relation. 

In the event that we are dealing with an eigen-

function of a parameter f, each member in the ensemble 

of systems in the eigenstate ̂  will take on the same value 

of f in all observations, as noted in the last section. As 

a consequence, its mean-square deviation will be zero, that 

is, (Af)^ = (f-f)^ = 0 since f = f. It follows from the 

uncertainty relation above that momentum eigenfunctions, for 

which Ap = 0, can not be position eigenfunctions, for which 

Ax = 0, for if they were simultaneous eigenfunctions, the 

result Ax« Ap = 0 would contradict the result AxAp = h/2, 

which was deduced from the foundations of the quantum theory. 

In general, we can see that for any parameters whose corres

ponding Hermitean operators do not commute, simultaneous 

eigenfunctions of those parameters can not exist. The up

shot of these considerations is that in quantum mechanics 

it is impossible in principle for the dynamical state of a 

system to be specified in terms of the position x and 

momentum p at a time t, as was done classically, for the 

^-function designates via the Born interpretation only the 

relative probability that the position, momentum, etc., will 

have a certain value at a certain time. When we speak of 

two systems being in the same state at a given time in 

quantum mechanics, then, we do not mean that they have the 
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same x and px at that time, as we did in classical 

mechanics, but rather that each system has the same relative 

probability that its dynamical parameters will be found to 

have certain values. 

Reality and the State Function 

In an earlier section we examined a number of 

features of the quantum mechanical state function which 

fatally undercut any attempt to construe the ̂ -function as 

a designator of physical waves, while in other sections we 

have examined the standard empirical interpretation of ^ in 

terms of relative probabilities and expectation values of 

dynamical parameters. The significance of these considera

tions for the philosophical interpretation of the tfr-

function with respect to the realist-instrumentalist contro

versy is that any interpretation of the ̂ -function as a 

designator of a micro-entity, such as a physical wave, or of 

properties thereof, such as x and px at t, seems untenable. 

If one regards the realist as committed to the view that 

every non-logical term of a true theory must designate some

thing physically real, then to the extent that the ̂ -function 

never designates either an existing micro-entity or any 

properties of such micro-entities, it can be argued that quan-

23 
turn mechanics does not admit of a realist interpretation. 

23. For a discussion of this view concerning non-
logical theoretical terms, see Nagel, The Structure of 
Science. pp. 146-147. 
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However, there is no reason why the realist must accept the 

above view of non-logical theoretical terms. With respect 

to the ̂ -function, realists need only maintain that it is a 

mathematical artifice designating mathematical waves which 

are useful, according to the Born interpretation, for pre

dicting statistical results regarding dynamical parameters. 

What distinguishes the realists from the instrumentalists in 

this matter is that the former as opposed to the latter 

regard the parameters themselves, for example x and p as 

objective properties of existing micro-entities such as 

electrons and protons. There appears to be no more reason 

why the use of a statistical function in quantum mechanics 

should preclude a realist interpretation of the theoretical 

entities with which the theory deals, than the use of 

statistical considerations should preclude the reality of 

the entities to which they apply in any other case. For 

example, if one is predicting the percentage of members of a 

statistical sample which will inherit a certain trait by 

means of a genetic theory, or if one attempts to formulate 

equations relating average intelligence with average age in 

a statistical population in psychology, the mere use of 

probabilities in one's formulas or laws would not preclude 

the existence of the members of the statistical population 

or sample. Of course one might go on to argue that the 

cases just cited are essentially different from the quantum 

mechanical case because the members of any statistical 
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sample in the former cases, for example rats or children, 

are directly observable while the ensemble members in 

quantum mechanics, for example electrons or protons, are 

not, or that the members in the former populations clearly 

have properties, while one might want to deny this for the 

latter members, or finally that the former members enter 

into causal relations as individuals with other things while 

one might deny this for the latter members. But such points 

of disanalogy between the quantum mechanical case and the 

other cases cited are not relevant to the question at hand, 

namely, whether or not the use of a statistical function in 

a theory, which itself does not directly designate anything 

real, precludes a realist interpretation of that theory. 

The examples considered indicate that the use of statistical 

functions does not preclude a realist interpretation. The 

other points raised, then, actually bring up different 

issues, the first of which concerns the epistemological 

considerations already discussed in Chapter II, the second 

of which concerns the status of the quantity terms associated 

with micro-entities, which shall be discussed in Chapters V 

and VI, and the last of which concerns the question of the 

status of causality in quantum mechanics, which shall be 

dealt with in Chapter VII. We shall now turn our attention 

to the precise way in which the state function is related to 

the micro-entities and their properties by both the particle 

and the wavicle interpretations. 
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The Wavicle Interpretation 

As noted previously in Chapter IV, the wavicle 

interpretation of quantum mechanics represents an attempt 

to construe micro-entities as a kind of physical reality 

different from either a physical wave or a particle. 

Although this view does not attempt to interpret the 

•A- function as designating the wavicles themselves, it does 

interpret the state function ^ for a given wavicle as a 

complete description of that wavicle in the sense that the 

information about all of the dynamical properties that can 

be associated in any way with the given wavicle is con

tained, in principle, in the state function for that 

wavicle and can be extracted from its ^-function via Born's 

empirical interpretation. Since it might seem that this 

assumption concerning the completeness of the state function 

is not consistent with a repudiation of the physical 

wave interpretation, I shall consider the differences in 

, ., 24 
more detail. 

In the first place, the wave interpretation, in 

postulating that the state function designates a physical 

wave packet, entails that micro-entities would be sub

divided in experimental situations such as the one described 

earlier. But the wavicle interpretation does not lead to 

24. Leslie Ballentine in his article "The 
Statistical Interpretation of Quantum Mechanics," p. 365, 
suggests that these are inconsistent. 
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such consequences since it avoids ontological commitment to 

the wave packets designated by the state function by 

assuming that they are merely mathematical artifices useful 

for generating, via the Born empirical interpretation, the 

dynamical information about the given wavicle. Thus, in 

situations wherein the wave packets are transformed into 

two packets as described earlier, the proponent of the 

wavicle view can maintain that from these mathematical waves 

he can predict the relative probability that the micro-

entity, or wavicle, is transmitted in one direction or the 

other. Furthermore, he can predict the statistical dis

tribution of observed values at the various detectors 

employed in the experimental setup and thereby ascertain the 

spreads of the dynamical quantities possessed by the wavicle 

that went in one particular direction. Hence, the wavicle 

interpretation avoids the empirically untenable consequence 

that the wavicle is subdivided by appeal to the Born 

probability interpretation of the state function. In addi

tion, while we can conceive of the waves themselves as 

propagating in a 3N dimensional mathematical space as we 

also noted previously, the micro-entities can be regarded on 

the wavicle view as existing in ordinary three dimensional 

physical space since the Born interpretation always yields 

dynamical information with respect to a three-space. Having 

distinguished more clearly between the wave and wavicle 

interpretations with respect to their views on the nature of 
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the waves employed in the quantum theory, I shall go on to 

examine in more detail the wavicle interpretation of the 

dynamical parameters associated with the state function. 

Insofar as the state function provides a complete 

description of the system, no exact position x and momentum 

Px can exist for a wavicle at a time t because the quantum 

theory precludes the preparation of simultaneous eigenstates 

for these conjugate parameters, and likewise for any other 

parameters whose operators are non-commutative. Thus the 

quantities referred to as the root-mean-square deviations of 

dynamical parameters such as Ax and Ap^, although obtained 

in practice from observations on ensembles of systems in the 

same dynamical state, where they provide a measure of the 

statistical fluctuation of the measured value of a 

parameter around its average value, are interpreted as 

referring to actual spreads of the dynamical parameters for 

each of the wavicles in the ensemble up until the time of a 

measurement. On this account, then, dynamical parameters 

are regarded as objective properties of the wavicles which 

take on, in general, only spread values rather than the 

precise values we found in the classical case. A proponent 

of the view might go on to note that one must not be misled 

into characterizing these spread quantities as indefinite 

properties, or as expressing uncertainties with respect to 

the parameter in question. The use of such terms results 

only if one attempts to construe these quantity terms from a 
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classical viewpoint according to which all of the well 

defined parameters are non-spread. Speaking of Ax, Apx, 

etc., for a system at a given time in the context of the 

classical mechanics of point-masses would imply an ignorance 

of the exact x, p etc., of that system, so it might be 

appropriate to say that such characterization was indefinite 

in the sense that it does not specify the exact x, p , etc., 

in the range of possible values Ax, Ap^, etc., of the system, 

or that Ax and Ap represent a measure of our uncertainty in 

the exact position and momentum. But in quantum mechanics, 

the proponent of the wavicle view can argue, there does not 

exist simultaneously an exact position x and exact momentum 

Px, and likewise for the other conjugate parameters, so one 

can not mean by characterizing Ax and Apx at t as indefinite 

simply that the exact or non-spread values are not known, 

because no such values exist, even in principle, as noted 

earlier. Similarly, Ax and Apx cannot be a measure of our 

uncertainty of the exact values of x and px because such 

values do not exist, that is, there are simultaneously no 

exact values of which to be uncertain. Furthermore, the 

terms "indefinite" and "uncertainty" might suggest that no 

exact quantitative assignment can be made for the spread 

value itself, while in actuality a definite numerical value 

can be obtained since the spread of a parameter is expressed 

numerically by the standard deviation of observed values of 

the parameter for an ensemble of wavicles in the same state. 
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However, proponents of the view are still faced with the 

problem of explicating the physical significance of these 

spread quantities and it is to this task that I now turn. 

Insofar as wavicles are not particles, one must not 

in general expect them at a given time to be located at a 

point in space. Rather, as we have seen in Chapter IV, the 

success of the wavicle interpretation in explaining certain 

phenomena depends upon its characterization of a wavicle's 

position as spread over a spatial interval, say Ax, which we 

can call a spread. One can then note that the association 

of precise as opposed to spread dynamical properties of 

momentum, energy, etc., is simply inapplicable in the case 

of entities which are not, in principle, to be regarded as 

point-masses, because those parameters are defined precisely 

in terms of the rate of change of position of a point-mass 

with respect to time. 

The above account of the physical significance of a 

spread position is satisfactory, because we understand quite 

well what is physically involved with a spatial spread, that 

is, the wavicle simply occupies some spatial interval Ax, or 

in the three dimensional case, some volume element Ax Ay Az. 

With respect to other dynamical parameters, however, the 

physical significance is not so.obvious, despite the formal 

similarity of a "A" spread. In attempting to explicate the 

physical significance of these spread properties, one must 

guard against relying upon a classical mechanical type 
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characterization of the parameters involved. For example, 

one can not give any physical significance to the spread in 

momentum Apx by arguing that momentum is precise only when 

position is precise because the former is defined in terms 

of the rate of change of position with respect to time, so 

that as the position spreads or becomes indefinite, there 

will be a corresponding spread in the momentum. Although 

this may be a tempting line of thought, it will not serve 

to amplify the nature of the wavicle's properties because of 

the actual relationships that hold between the spreads of 

conjugate variables in quantum mechanics. In the case of 

position and momentum, the relation between the spreads Ax 

and Ap are governed by the relation Ax Ap ^ h/2, as noted 

previously. Since the right hand side of the inequality is 

constant, the spread in momentum Ap^ will eventually increase 

as the spread in position Ax decreases and vice versa. If 

Ax = 0, as we find in the case of a wavicle whose state 

function if/ is an eigenfunction of position, we have 

Apx = ». So when the position becomes completely definite 

in the sense that the wavicle can be regarded as located at 

a point, we find, counter to the expectations cited above, 

that its momentum is completely indefinite. And conversely, 

if the momentum is completely definite, that is Ap^ = 0, as 

we find in the case of a wavicle in an eigenstate of 

momentum, the position is completely indefinite, that is 

Ax = ». So it is only when the wavicle is spread throughout 
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the universe that we find it possessing a definite momentum, 

again contrary to the expectations cited above. 

The above considerations indicate that the wavicle 

view is committed to interpreting the terms such as 

"momentum" and "energy" in quite a different way from that 

in classical mechanics. Classically, momentum and energy 

could be regarded as derived quantities, as opposed to 

fundamental ones, since they can be expressed as functions 

of positions and velocities associated with mass-points. 

For example the momentum, as suggested earlier, is classi

cally defined as 

px = iSo Blx/4t' 

but under the wavicle interpretation of quantum mechanics, 

this limit does not exist since, as we noted above, it does 

not acknowledge the existence of simultaneous exact position 

and momentum for a wavicle. In quantum mechanics, then, 

terms such as "momentum" and "energy" are on a par with the 

term "position" as fundamental quantities. The reason why 

labels such as px are employed in quantum mechanics accord

ing to the wavicle interpretation is only because there are 

formal similarities between the classical and quantum 

mechanical counterparts. For example, the relationship 

between the velocity operator dX/dt and the momentum 

operator P , expressed as dX/dt = l/m p where m is the 

mass, is formally the same as that between the corresponding 
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variables in classical mechanics where dx/dt = 1/m px« And 

furthermore, when we derive from the quantum mechanical 

equation of motion an approximation of the classical equa

tion of motion, we obtain dp^dt = F so that the classical 

momentum px can be regarded as the analog of the average 

25 
quantum mechanical momentum. It can be argued by a 

proponent of the wavicle view that the quantity terms Ax, 

Ap^, etc., can be regarded as designators of real properties, 

even though they are spread, because they are useful not 

only for predicting the outcome of measurements, but also 

for the explanation of phenomena such as the two slit experi

ment discussed from the wavicle point of view in Chapter IV. 

The Particle Interpretation 

The particle interpretation represents micro-

entities analogously to the classical mechanical representa

tion of macro-objects, that is, it represents them as mass-

points. The ̂ -function is regarded in this interpretation, 

as in the case of the wavicle view, as a mathematical 

artifice useful for generating dynamical information via the 

Born empirical interpretation, and thereby avoids the pit

falls connected with interpreting the ^-function itself as 

designating micro-entities. But unlike the wavicle view, the 

particle interpretation assumes that the state function i}/ 

25. For derivation, see 3ohm, The Quantum Theory, 
pp. 194-196. 
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for a given particle is an incomplete description of that 

particle in the sense that it does not yield, via the Born 

empirical interpretation, information about all of the 

dynamical properties that can be associated with the 

particle, but only yields all the information that can be 

predicted about the dynamical behavior of the particle. So 

the fact that quantum mechanics precludes the assignment of 

simultaneous eigenstates to parameters such as x and px 

whose operators are non-commutative is interpreted in the 

particle view only as a limitation on predictability for all 

it entails is that one can subject a set of micro-entities 

to the same state preparation in such a way that he will be 

able to predict a unique, exact value for the position x, 

or for the momentum p , but not for both x and p , at some 

future time. If one prepares an eigenstate of position x, 

then each observation of the position made on the ensemble 

members will yield a precise predictable value x = a, but 

if we measure the values of the conjugate parameter px, we 

shall find that each of the ensemble members will take on 

one of an infinite number of possible values. This is 

because Apx ® as Ax > 0 according to the uncertainty 

relation, and vice versa in the case of an eigenstate of 

momentum. Thus, an eigenstate of position represents an 

ensemble of micro-entities each of which will occupy the 

same position at some specifiable time but which will possess 

different momentum values at that time, ranging over an 
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infinite number of such values. Likewise, a momentum 

eigenstate represents an ensemble of micro-entities each of 

which has the same momentum at some specifiable time but 

which are distributed uniformly throughout space at all 

positions at that time. In cases where we are not dealing 

with eigenstates, predictability is still limited in the 

sense that the range of possible values of a parameter pre

dicted for a given ensemble member can be decreased, but 

only at the expense of increasing the range of possible 

values of the conjugate parameter for the ensemble member 

in accordance with the uncertainty relation. The spread in 

the value of a parameter, say AA, does refer, in this 

interpretation, to an uncertainty in the value of the 

parameter A, in the sense that the particle is viewed as 

possessing some exact value of A within the predicted 

range AA. 

On the basis of the foregoing discussion we can see 

that one objection frequently raised against the particle 

interpretation, namely, that in subscribing to the view that 

the micro-entities can have simultaneously exact values of 

all dynamical parameters, it requires the existence of 

states that are conceptually impossible within the framework 

of quantum mechanics, is based on a confusion about the 
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2 6 
notion of the state of a system. It is certainly correct 

that the dynamical state function \jj cannot, even in 

principle, designate simultaneously exact values for 

parameters such as x and p , whose operators are non-

commutative. But it does not follow that assigning such 

values to a micro-entity is not consistent with quantum 

theory provided that they are not construed as specifying 

the state as they would classically, where we mean by the 

state of a system all the information that can be used for 

making predictions, in accordance with the discussion of the 

state notion in earlier sections. Hence, the fact that 

there can be no state having exact values of x and px in 

quantum mechanics entails only that such simultaneous in

formation can not be used for predictions in conjunction 

with quantum mechanical laws, that is, it can not be used 

for the specification of the ̂ -function for a system, but it 

does not imply that such parameters can not characterize an 

individual ensemble member in a given state ifj" Once one 

realizes that the sum total of all the dynamical parameters 

that can be associated with the micro-entity, including 

those whose operators are non-commutative, cannot serve as 

the specification of the state of the system from the parti

cle point of view, the objection cited above does not arise. 

26. For examples of this objection, see Hanson, 
"The Copenhagen Interpretation of the Quantum Theory," and 
Nagel, The Structure of Science, p. 305. 
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Since the uncertainty relation is not interpreted 

according to the particle view as setting any restriction 

upon the simultaneous assignment of properties represented 

by observables whose operators are non-commutative, but only 

limits the simultaneous predictability of the values of 

these parameters, the particle interpretation can charac

terize micro-entities as possessing, at any given time, 

exact values of all the dynamical parameters with which the 

theory deals. Furthermore, these parameters can be inter

preted in a realist fashion as designating objective proper

ties of the micro-entities. A proponent of the particle 

view, by interpreting the spread value AA for a given param

eter A as representing only statistical outcomes of observa

tions on ensembles of systems, as opposed to characterizing 

the nature of the properties possessed by each particle in 

a given state, avoids attributing any ontological signifi

cance to these spread values as properties of a micro-entity. 

Because the particle interpretation does not incorporate the 

notion of spread quantities as properties, it appears to 

avoid the radical conceptual shift for quantities such as 

momentum and energy required in the wavicle view, so that it 

is not compelled to regard the concepts of momentum and 

energy as primitive, but can continue, as in classical 

physics, to interpret them as derived concepts defined 

ultimately in terms of the position and time. It does not 

follow from the above considerations, however, that the 
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particle interpretation is committed to the view that the 

simultaneous precise values of the dynamical parameters that 

it possesses as properties at a given time could be used in 

classical laws for predicting the precise values of those 

parameters at some future time. We shall discuss this issue 

in more detail in the upcoming chapter on quantum mechanical 

measurement, so we simply note at this point that quantum 

theory implies no inconsistency between the assertion that 

the particle possesses exact values of these parameters and 

the assertion that these values can not be used to predict 

future dynamical information. Furthermore, it should be 

noted that some advocates of the assumption that the 11>-

function for a micro-entity is not a complete description of 

that entity have held the belief that there is, in principle, 

some theory whose state function is complete and which will 

eventually replace quantum mechanics. But the particle 

interpretation, as we have presented it, is solely an 

interpretation of the existing quantum mechanical formalism 

and,as such, it does not make any committments one way or 

the other concerning the completeness of state functions 

that might arise if any future developments of physical 

theory replace the present quantum mechanical theory. 

At this stage of our explication of the particle 

view, we must consider certain objections to a realist 

interpretation of property terms that might be raised on the 
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basis of certain "criteria of reality" related to scientific 

laws. 

One such criterion of reality states that a non-

logical term (or terms) in a true theory designates some

thing physically real provided that the term (or terms) 

specifies some aspect of the state of a system in the theory. 

Ernest Nagel, in a discussion of this criterion of reality as 

applied to the parameters of position x and momentum px in 

quantum mechanics, claims that this criterion implies that 

"xV and "p^1 do not designate anything physically real since 

they do not constitute the state description of the par-

27 
ticle. This argument could be generalized to apply to all 

of the parameters associated with any given particle, so 

that to the extent the particles cannot be said to have any 

real properties, their own ontological status is undercut. 

However, this line of argument is invalid. We can assume 

the criterion in question, stated with reference to the 

quantum mechanical case as follows: if the quantity terms 

specify the state of a system in the quantum theory, then 

they designate something real. Let us symbolize this cri

terion by the material conditional "pDq." Then we can add 

to this the assumption, symbolized by "~p," that it is not the 

case that the quantity terms designate the state of the 

system in quantum mechanics. The conclusion drawn by Nagel, 

27. Nagel, The Structure of Science, p. 149. 
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namely, that it is not the case that they designate anything 

physically real is represented by "~q." The form of Nagel's 

p "j r "i 
argument is then (pDq) • (~p)/which is an instance of 

the fallacy of denying the antecedent. In order to generate 

a valid argument having "•Mg" as its conclusion, one could 

adapt a second criterion of reality to the quantum mechanical 

case: the quantity terms of the quantum theory designate 

something real if and only if the terms occur in a true law 

28 
law. We can symbolize this criterion by the material 

equivalence "q = p," where "p" now stands for the statement "the 

quantity terms occur in a true law." Then if we assume in 

addition to this criterion that the quantity terms of quantum 

mechanics do not occur in any of the laws of the theory (the 

theory being assumed true for our purposes), this assumption 

can be represented by "~p," so that "~q" follows according to 

r ~i r 1 
the valid argument form (p = q) • (~p)/ .-.~q. Since the state 

function ip does not designate the values of quantity terms 

such as x and px but in general only designates, via Born's 

empirical interpretation, the relative probability that they 

will take on any specific value, these terms cannot be 

regarded as entering into the quantum mechanical law of 

motion in the same direct fashion as their classical counter

parts entered into the classical equation of motion. 

However, in important special cases, that is, when we are 

28. For a discussion of this criterion of "real" 
see Bergman, "Physics and Ontology," pp. 114-115. 
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dealing with eigenstates for a given observable, the 

quantity terms do enter in lawful relations such as A A = 

a0r , where ib is an eigenstate of the operator A having 
a. a ~— 

eigenvalue a. Hence, the second premise can be rejected. 

At this point, one might attempt to merge the two 

criteria discussed thus far and opt for this third criterion 

instead: the quantity terms of a theory, here quantum 

mechanics, are to be regarded as designating real properties 

if and only if those terms designate the state of the system. 

The realist must then consider the argument obtained when we 

add that the quantity terms in quantum mechanics do not 

designate the state, the argument being of the same valid 

form as the case involving the second criterion where the p 

and q now designate the same statements, respectively, as 

they did in the discussion of the first criterion. But now, 

the realist can reject the third criterion as overly 

restrictive, arguing that insofar as the quantity terms are 

essential features in a theory, they are candidates for a 

realist interpretation whether or not they designate the 

state. Although quantity terms such as x and px do not them

selves designate the state of a system in quantum mechanics, 

they are nevertheless indispensible for the theory since 

the Born empirical interpretation of the i/f-function, which 

represents the only known link between the state function 

and the empirical data, must be expressed in these terms. 

Hence, the condition that the terms designate the state in a 
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true theory is at best a sufficient condition for their 

having ontological significance, as in the first criterion, 

and not a necessary condition for ontological significance, 

so that the above considerations do not yield a sound argu

ment against realism with respect to the particle interpre

tation of quantum mechanics. It should be noted that one 

might attempt to apply the above arguments against realism 

to the wavicle interpretation as well, but the same counter 

arguments could be presented from the wavicle viewpoint, by 

pointing out that the spread values enter into lawful rela

tions such as the uncertainty relation and thus play an 

indispensible role in quantum mechanics. 



CHAPTER VI 

THE QUANTUM THEORY OF MEASUREMENT 

Introduction 

In this chapter I shall be primarily concerned with 

developing a realist account of measurement for quantum 

mechanics, from both the points of view of the wavicle and 

particle interpretations. The central philosophical issue 

is whether or not, or to what extent, the realist theory of 

measurement defended in Chapter III, according to which 

quantity terms are regarded as designators of objective 

properties of, or relations among, existing entities, can be 

sustained in the domain of quantum mechanics. 

Instrumentalists argue that quantum mechanical 

dynamical terms such as x, p , etc., in the particle inter

pretation, and Ax, and Ap etc., in the wavicle interpre-

tation, do not designate objective properties of micro-

entities. But insofar as these terms are the only quantity 

terms that can be associated with such entities, and since 

it is not possible to characterize these entities by means 

of any other property terms, for example colors, odors, 

etc., there are no objective properties to predicate of 

micro-entities. And if an entity cannot be said to possess 

any objective properties, its ontological status is undercut. 

151 



152 

We now turn our attention to specific formulations 

of the instrumentalist arguments which purport to prove that 

the property terms of quantum mechanics cannot be regarded 

as designators of objective properties in support of the 

second premise. Firstly, I shall examine those arguments 

that have been raised against a particle interpretation. 

Secondly, I shall attempt to apply the instrumentalist's 

arguments against the objectivity of property terms to the 

wavicle interpretation, a task which has not been undertaken 

by instrumentalists themselves, as far as the authors knows, 

and critically examine the counter arguments that can be 

raised from the wavicle point of view. 

The Instrumentalist's Attack on the 
Particle Interpretation 

The basis for the claim that parameters such as x 

and px can not be considered designators of objective 

properties of micro-entities is the alleged fact that 

quantum mechanics precludes an interpretation of these 

parameters as characteristics of a micro-entity itself. It 

is claimed, rather, that there are no observer independent 

properties. The values we observe for any given x or p in 

an experiment, on this view, is at best a characterization 

of a relationship between the micro-entity and the measuring 

apparatus. Insofar as there is no way to characterize any 

properties of the micro-entity itself, it cannot be said to 

exist according to the reasoning outlined in the 
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Introduction to this chapter. For instrumentalists, then, a 

particular value of x or p actually refers either to some 

feature of a specific measuring apparatus, such as the fact 

that its pointer is at a certain value, or to some measure

ment procedure, in accordance with the instrumentalist 

theory of measurement discussed in Chapter III. Likewise, 

the state function i/r is only a means of correlating certain 

initial conditions of one macro-system, the preparation 

apparatus, with certain possible final conditions of another 

macro-system, the measuring apparatus. But what is it about 

quantum mechanics, as opposed to, say, classical mechanics, 

that prevents us from regarding parameter terms as ever 

designating observer independent properties? The following 

answer has been given by instrumentalists.^" 

It is claimed that one must interact with a system 

in order to obtain any information about it. This, of 

course, is not a feature peculiar to quantum mechanics, the 

argument continues, but is also common to classical 

mechanics. What is different about the situation from a 

point of view of modern physics, according to the instru

mentalist, is that the effects of such an interaction are 

not negligible or predictable, as they could be regarded 

1. The following account consists of a presentation 
of the essential features of the various formulations of the 
instrumentalistic Copenhagen Interpretation, with emphasis 
on drawing out the philosophical consequences concerning 
measurements that are relevant to the realist-instrumentalist 
controversy. 
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classically. Classical mechanics was compatible with the 

assumption that errors of measurement for any parameter were 

reducible, in principle, to zero for ideal measuring instru

ments, and in practice, could be reduced to a negligible 

degree. Classically, there was not any restriction on the 

simultaneous measurement with arbitrary precision of both 

the position x and momentum p for a particle and, in fact, 
X 

the theory tacitly assumed that such determinations were 

possible for particles, the state of any particle being 

specified in terms of such determinable parameters. 

Instrumentalists argue that quantum mechanics is not 

compatible with such an assumption because of the general 

uncertainty relation, which entails that Ax Ap^ > h/2. If 

we attempt to measure the value of position x, for example, 

we may do so with unlimited precision such that the uncer

tainty in x goes to zero, that is Ax 0, but we can not 

simultaneously measure the value of its canonically 

conjugate parameter p with similar accuracy because as the 

uncertainty to the former decreases, that of the latter must 

increase according to the inequality Ax Apx = h/2, and like

wise for any quantum mechanical parameter whose operators 

are non-commutative. That such a limitation on simultaneous 

measurability applies to all possible measurements of quantum 

mechanical parameters whose operators do not commute is due 

to the generality of the uncertainty relation, which does 

not specify any details about specific experimental 
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situations. Since one cannot simultaneously measure exact 

values for both x and p but can measure only one or the 

other with complete precision, the instrumentalist argues, 

the effects of measurement on a system in quantum mechanics 

are not eliminable even for ideal measurements because even 

ideally one can measure the value of a parameter exactly 

only at the expense of a total sacrifice in precision for 

the measurement of its conjugate parameter. In short then, 

the uncertainty relation is interpreted as setting a funda

mental limit on the accuracy of simultaneous measurements of 

parameters whose operators are non-commutative due to a 

theoretically ineliminable and uncontrollable disturbance 

of the value of one of the parameters by the very act of 

measuring the other. 

Classically, since the position x and momentum px 

could both be measured, in principle, with unlimited preci

sion at a given time t, the state could be determined at any 

time without altering it. That is, one could regard the 

state at the instant prior to measurement as being the same 

as the state just after the measurement, or else predict 

what it would be since the effect of the interaction was 

predictable in principle. Thus, one could maintain that x 

and px at t characterized the state of the system as it 

exists independently of the measurement. But according to 

the instrumentalist, the quantum mechanical situation is 

quite different because the effects of the interaction of 
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the measurement apparatus with the system is not eliminable 

or negligible insofar as it leads, in the case of an exact 

position measurement, to a complete uncertainty in the value 

of the momentum, and vice-versa. In terms of the state of 

the system i[/, this implies that the state up until the time 

of a measurement will, in general, be radically different 

2 
from that just after the measurement. Formally, this can 

be expressed as follows: given by the i/r-function and the 

Hamiltonian for a system at some initial time, that is 

^(x,tQ) and H, obtained by a suitable method of preparation, 

one can describe the evolution of the state of the system by 

the Schrodinger equation H ̂ (x,t) = ih d^(x,t)/dt up until 

3 
a time t^ at which a measurement is made. The state 

function ^(x,t^) is to be interpreted according to the Born 

empirical interpretation, but with a slight modification. A 

statement that the relative probabilities that the parameters 

for a system in a given state will have certain values is 

construed as an assertion about the relative probabilities 

that the parameters will be observed to have certain values 

when an experiment is performed to measure the value of that 

parameter. Interpreting the probabilities in this fashion 

precludes any mistake in attributing the measured values to 

2. Messiah, Quantum Mechanics, p. 140. 

3. Fong, Elementary Quantum Mechanics. Chapter 6; 
and Sin-Itiro Tomonaga, Quantu.n Mechanics. Vol. II 
(Amsterdam: North Holland, 1962), pp. 256 ff. 
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the system itself, apart from an observation.^ For the time 

t2 > » the state of the system will be, on this view, 

radically different from that at t^, and not predictable by 

means of the Schrodinger equation. For example, if the 

initial state ift were an eigenstate of momentum, such as 

«A(x) = e*^11 X//h
j so that px = p' , and we performed a 

position measurement obtaining the value of x1, then the 

state of the particle after the measurement would no longer 

be e+^n ^ The actual state of the micro-entity just 

after the measurement for an ideal measuring apparatus, that 

is, one that does not alter the value of the measured param

eter, will be an eigenstate of the measured parameter be-

5 
longing to the measured eigenvalue. This constitutes a 

statement of the projection postulate, which implies for the 

example above that the state function immediately after the 

measurement is given by i/Kx) = 6(x-x1). Thus, we can predict 

in this case the exact value px will take on in a measure

ment up until t^ when a measurement is made, and we can 

exactly measure the value of px at t^, if we choose, without 

changing its state in this special case of an eigenfunction 

of momentum. That is, since the system is in an eigenstate 

4. For an example of a commentator who explicitly 
insists on such an understanding of the Born interpretation, 
see Tomonaga, Quantum Mechanics. Vol. II, p. 257. 

5. It is assumed in quantum mechanics that the only 
observable values for a given parameter are the eigenvalues 
of its operator. 
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of momentum at t.^, given the projection postulate, it will 

be in an eigenstate of momentum just after the measurement. 

But if we choose to measure an exact value of position at 

t^, then we change the state of the system to an eigenstate 

of position according to this account of measurement. Since 

the system might take on any one of an infinite number of 

values of position upon subjection to a position measurement 

at t^ according to the Born interpretation of an eigenstate 

of momentum, we cannot predict what value of position will 

be observed and, hence, we cannot predict the state into 

which </Kx,t^) will be changed for t2 > t^. Because one must 

in general change the state of the system by the very act of 

measuring the values of its dynamical parameters, one cannot 

regard the quantity terms such as x and px as designating 

values of the system independently of the actual measuring 

apparatus. Rather, they should be ultimately regarded, ac

cording to the instrumentalist, as characterizing certain 

macro-states of the measuring apparatus, as noted earlier. 

The Particle Interpretation of Measurement 

The task for a proponent of the particle interpreta

tion is to show that one can construe quantum mechanical 

parameters as designating objective properties of micro-

entities and thereby demonstrate the unsoundness of the 

argument advanced in the introduction to this chapter. In 

order to accomplish this he must develop an interpretation 
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of the uncertainty relation and an account of the quantum 

mechanical process of measurement, according to which one 

can regard the measured values of the parameters as the 

values that those parameters possess independently of any 

interaction with the measuring apparatus at the time the 

measurement is performed. 

According to the particle view, interpreting the 

uncertainty relation as a limitation on the accuracy of the 

measurement of simultaneous values of parameters whose 

operators do not commute is unwarranted. As noted in 

Chapter V, the particle interpretation construes the un

certainty relation as nothing more than an expression of the 

relationship between root-mean-square deviations of the 

values of conjugate parameters that will be obtained from 

measurements on an ensemble of systems in the same state. 

As such, the relation does not say anything about errors 

introduced in the course of measuring those parameters for 

the case of an individual ensemble member. For any given 

state i/r, one can not predict simultaneously exact values 

for such parameters according to the uncertainty relation, 

but it is a non-sequitur to conclude from this feature of 

the theory that they are not simultaneously measurable. If 

one realizes that there is a fundamental distinction between 

measurability and predictability, then there should be no 

temptation to conclude that the uncertainty relation sets a 

limit on the former due to the limitation it imposes on the 
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latter. Of course, one might simply insist at this point 

that the uncertainty relation refers not only to the statis

tical deviations obtained with ensembles, but also applies 

uniquely to the individual members of the ensemble, so that 

the "A" spreads for every parameter are associated with each 

micro-entity in a given state. Then, one might argue that 

the simultaneous measurability of exact x and p for 

example, is impossible just because no simultaneous eigen-

states exist for those conjugate parameters, that is, because 

there are no states wherein Ax and Ap are both zero. Such 
*x 

a move is tacitly based on the assumption that the state 

function ^ is a complete description of the system, in the 

sense explained in Chapter V. If one accepts that assump

tion, then he is ex hypothesi committed to the view that the 

simultaneously precise x and px do not even exist, so it 

follows that they cannot be measured. However, as we have 

noted in Chapter V, the particle interpretation repudiates 

the very assumption that ijj is a complete description, so the 

line of argument noted above is based on a false assumption 

from that point of view. Whether one is justified in 

assuming that the state function is complete or incomplete 

in the context of any given interpretation of quantum 

mechanics depends ultimately, I believe, upon the success 

of that interpretation in the long run and not upon some 
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independent proof of the assumption. Hence, I shall go on 

to examine the uncertainty relation in some more detail from 

the particle interpretation's point of view, and then go on 

to explicate the account of measurement that this interpre

tation offers. 

In order to support the view that the uncertainty 

relation does not establish a lower limit for simultaneous 

accuracy for the measured values of observables whose 

operators do not commute, proponents of the particle inter

pretation can argue that the terms AA and AB in the general 

uncertainty relation cannot be interpreted as a measure of 

the inaccuracy or error in any individual measurement. The 

root-mean-square deviations AA and AB must be obtained 

experimentally from a series of measurements of A and 

measurements of B on ensembles of micro-entities in the same 

state. If the errors of each individual A and B measure

ment, that is, 6A and 6B, were greater than the predicted 

values of AA and AB, respectively, it would not be possible 

to experimentally determine the values of AA and AB predicted 

by the theory. And if the values of AA and AB predicted by 

the theory could not be experimentally determined, then the 

6. The question of proofs of completeness raised by 
the Einscein-Podolsky-Rosen article is rather complex, 
having a literature in its own right, and lies outside the 
scope of this paper. 
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7 
quantum theory itself could not be verified. Since instru

mentalists have advanced a number of Gedanken experiments 

in which there appears to be a limitation on the accuracy 

of simultaneous measurability governed by the uncertainty 

relation, I shall consider the issue in more detail. In 

order to do so, I shall now briefly discuss one of these, 

the Heisenberg "Super Microscope" experiment, in order to 

explicate the way in which a proponent of the particle 

interpretation can deal with such situations. I have 

chosen this particular example because it is one frequently 

referred to in both quantum physics texts and philosophical 

discussions, being regarded by many philosophers of science 

as providing strong evidence against a particle viewpoint. 

As usually presented, the Super Microscope experiment is 

designed to show how one can, in principle, measure the 

position of micro-entity at a specified time with a certain 

accuracy, but only at the expense of decreasing the accuracy 

of the measurement of its momentum at that time, in ac

cordance with the limits on the accuracy of measurability 

allegedly set by the uncertainty relation. For our purposes, 

I shall assume that the measurement is performed on an 

electron by means of scattering a proton, using an apparatus 

7. This argument has been advanced by Karl Popper, 
"Quantum Mechanics Without the Observer," in Quantum Theory 
and Reality, Mario Bunge, ed. (New York: Springer Verley, 
1967), pp. 20-25; and by Ballentine, "The Statistical 
Interpretation of Quantum Mechanics," p. 365. 
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such as that in Figure 2. After the proton is scattered it 

passes through the proton lens and strikes a detector, and 

from the position of the scattered proton at the detector, 

one infers the position of the scattered electron. If 

is the angle of aperture of the microscope, the resolving 

power is . 

where X  is the de Broglie wavelength of the proton and Ax is 

the region from which the proton was scattered, or the un

certainty in the position of the electron when interacting 

with the proton. Also, during the interaction the electron 

will receive from the proton a recoil momentum p = p sin0 

where p is the momentum of the proton and 9 is the angle of 

scatter of the proton. Since the proton has a momentum 

p = h/X where h is Planck's constant and X is its de Broglie 

wavelength, px = (h/X)sin0. There is no way to tell what the 

angle of scattering 0 was, so it might be anything within 

the aperture of the lens. Thus, the uncertainty in the 

momentum of the electron become Ap^ =? (h/X)sin^Q = h/Ax, 

or Ax*Apxe? h in agreement with the uncertainty relation. 

If we attempt to minimize the uncertainty in the position of 

the electron by using micro-entities of shorter de Broglie 

wavelength X because Ax is directly proportional to X, we 

8. This instrumentalist account amounts to a slight 
modification of Bohm's treatment of this experiment in his 
Quantum Theory, pp. 104-105. 
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will increase the uncertainty in its momentum, since Apx is 

inversely proportional to and vice versa for decreasing 

Apx by increasing the de Broglie wavelength. Despite the 

apparent limitation of the accuracy of measurement of param

eters for individual micro-entities in the above example, it 

does not actually establish that the uncertainty relation 

cannot be interpreted according to the particle interpreta

tion. From the particle point of view, the above Gedanken 

experiment involves the measurement of the position x with 

an error 6x = —. ̂ , . Due to the fact that this position 
sxn0Q 

c 

measurement results in the scattering of the electron by the 

proton, the value of the momentum of the electron will be 

changed by an unpredictable amount by the interaction and 

will take on as a result of the interaction one of the values 

in the range Apx = (h/X)sin^o. Given the setup described in 

the Super Microscope experiment, then, one measures only the 

position of the electron. One can legitimately consider the 

Ax in the instrumentalist's account above as an uncertainty 

in the sense of an experimental error of measurement fix, but 

since the momentum is not measured, all one can legitimately 

mean when he speaks of an uncertainty in the momentum, Apx, 

is that the electron has taken one unknown momentum in a 

range of possible momenta, so that there is a shift in the 

sense of the locution "an uncertainty in parameter A" to "a 

is a completely unknown, unmeasured quantity." Thus, the 

Gedanken experiment does not establish that one can not 



165 

simultaneously measure x and px without introducing errors 

of measurement in both x and p . 

Because the foregoing considerations involved the 

disturbance of the momentum in the course of measuring the 

position, it might be argued that while the uncertainty 

relation does not limit accuracy of simultaneous measure

ment, it does indicate that one must always alter the value 

of a parameter by the very act of measuring its conjugate 

parameter due to the necessity of disturbing the system 

itself. It seems that such an interpretation of the un

certainty relation can be rejected, however, due to con

siderations surrounding other Gedanken experiments, such as 

those in which the value of a parameter of a system can be 

measured without disturbing its conjugate despite our inter

acting with the system, and those involving the measurement 

of the value of certain parameters where one does not even 

interact with that system, but interacts instead with 

another system related to it in such a way that we can infer 

the values of parameters in the first system on the basis of 

the values of parameters of the second system. Let us now 

examine an illustration of the first type of experiment in 

the form of a measurement of momentum by means of the Doppler 

effect, and then go on to consider an example of the second 

kind of Gedanken experiment. 

One way of experimentally determining the velocity 

v of a charged particle such as an electron, and hence its 
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momentum since = mv^, is by means of the Compton effect 

on frequency of light radiation that interacts with the 

9 
particle. It can be assumed that at some initial time the 

momentum p and the y coordinate of the electron are known 

exactly, and pv is to be measured. Light of known frequency 

v incident along the x axis strikes the electron, and the 

scattered light is observed in the y-direction. By using 

the laws of conservation and energy and momentum of the 

electron and light quantum, it can be shown that h(v-v') = 

E'-E = (hv/mc)(px~py), where v and V represent respectively 

the frequency of the light before and after the collision, 

and E and E' represent respectively the energy of the 

electron before and after the collision. Since px and v are 

assumed to be known, the determination of p^ depends only 

upon the measurement of the frequency V of the scattered 

light. In order to determine p^ with accuracy, then, v' 

must be accurately measured for 6p^. = (mc/v)6v. To deter

mine V, one must observe a wave train of finite length 

which requires a finite time of duration T for that wave 

train, where T = . But given the experimental situation 

above, one cannot determine at what time in the interval T 

the light actually collided with the electron, so it is not 

known whether the electron had momentum p or p' during that 
Y Y 

9. The details of this experiment can be found in 
Werner Heisenberg, The Physical Principles of the Quantum 
Theory (Chicago: University of Chicago Press, 1930), pp. 
26-28. 
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interval. Thus, the position of the electron will be one 

unknown value within a range Ay = (1/m)(pv~p^)t = (hv/cm)T. 

Hence, the greater the value of T, the more accurately can 

the value of p^ be determined, but the more uncertain the 

value of y becomes. In the foregoing experiment, the more 

accurately one measures the one parameter, the momentum, the 

more uncertain he becomes of the value of the unmeasured 

conjugate parameter, the position. But this uncertainty 

does not arise in virtue of a disturbance of the value of 

the position. The reason for this epistemological limita

tion is that in the course of establishing the physical 

correlations required to infer an exact value of momentum, 

we introduce a time factor that renders the position com

pletely unknown. Thus, a particle interpretation of experi

ments such as this shows, contrary to what one might have 

expected after considering the Super Microscope experiment, 

that one can, in principle, measure the exact value of a 

parameter without disturbing its conjugate, despite the 

fact that the value of its conjugate will be completely un

known. 

Gedanken experiments of the second kind mentioned 

above have been devised by Bohm, by Ballentine, and by 

Einstein, Podolsky, and Rosen.For example, in the case 

10. Bohm, The Quantum Theory, pp. 593-623. 
Ballentine, "The Statistical Interpretation of Quantum 
Mechanics," pp. 362-364. Albert Einstein, B. Podolsky, and 
N. Rosen, "Can a Quantum-Mechanical Description of Reality 
be Complete?," Physical Review. Vol. 47, 1935, pp. 777-780. 
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of spin measurements on electrons, Ballentine has shown that 

for the case of two particles of spin one-half prepared in 

an initial state of total spin zero, particle number one can 

be subjected to an inhomogeneous magnetic field in a Stern-

Gerlach apparatus, such that from the initial state we find, 

as a result of the first particle's interaction with the 

field, that the final state function provides a correlation 

between z components of momentum and the spin of particle 

one and the spin of particle two. Then, by measuring the 

momentum of particle one, the z component of spin of par

ticle two can be determined to an arbitrarily high degree of 

accuracy. Consequently, the value of a parameter of particle 

two can be measured, in principle, without in any way dis

turbing that particle by interacting with it. By rotating 

the magnet in the Stern-Gerlach apparatus, the value of the 

conjugate spin for the particle could be measured with an 

arbitrarily high degree of precision by like procedure. But 

since our measurements in no way disturb the second par

ticle, one can reject the view that the uncertainty rela

tion for the spin components of particle two must be re

garded as providing a limitation on measurabiltiy due to the 

necessity of disturbing the system. The spin components 

cannot be simultaneously measured in this case only because 

the measurement of momentum for the first particle destroys 

the correlations established by the magnet. For the pro

ponent of the particle interpretation, however, this 
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epistemological limitation does not have the ontological 

consequence that the simultaneous components do not exist. 

They can be denied simultaneous existence if we assume that 

the state function is a complete description, for there can 

be no simultaneous eigenstates for all the spin components, 

but this is a false assumption from the particle viewpoint. 

For the realist, since one can, in experiments such as the 

above, measure either one of the non-commuting variables A 

and B without in any way disturbing the system, these 

variables are interpreted as designating simultaneously 

existing properties of a micro-particle. 

Let us now turn our attention to an analysis of the 

measurement process from the particle point of view before 

a further pursuit of the issue of simultaneous measura-

bility.*"1' Any measurement involves an interaction between 

a micro-entity and a suitable measuring apparatus. We may 

interact directly with the system of interest, as in the 

Super Microscope experiment, or interact instead with a 

system whose parameters are correlated with its parameters, 

as in the Stern-Gerlach experiment above. For the measure

ment to be successful, that is, for it to yield quantitative 

information about the object with which one interacts, which 

we call object I, a relationship between the intial state of 

11. This account is based on Ballentine's analysis 
of measurement in his "The Statistical Interpretation of 
Quantum Mechanics," pp. 368-369. 
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object I and the final state of the apparatus, which we call 

object II, must be established such that a unique, one-to-

one correspondence between the value of parameter A, say a, 

and the final value of a meter reading, say a , can be 

determined. For example, to measure the value of a param

eter A of the object I, for which there is a set of eigen-

functions Ai/l. = a</fT , by means of a measuring apparatus 
J., a J-, a 

II which has a set of eigenfunctions ai/vT = a &.T , 
* II,aa a II,aa' 

each different a& being a different meter reading, if the 

initial state of the system I + II is ^ g 0' wllere 

t/f-j is the initial premeasurement state of the object and 
»a 

Q is the initial premeasurement state of the apparatus, 

then the equation of motion must lead to a final state 

-(^I,a^II,o) = ^I,a ^ll,ar 

for an ideal measurement wherein the value of parameter A 

is not changed by the interaction, and 

for measurements wherein the value of A is changed from a to 

by the interaction, where H is the Hamiltonian of inter

action between I and II. When the above conditions are 

satisfied, the meter reading will be a if and only if the 

initial, premeasurement value of A is a. For the more 

general case when the initial premeasurement state of the 

object is a superposition of eigenfunctions of A, that is, 
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when 0T = Z P ^ , from the equation of motion we must J- a a -L, a 

get the final state as 

-(^I^riI/o) = £ Pa= ̂I+II (final) ' 
' a r 

2 
where |p | is the relative probability that the apparatus 

reading will be at the end of the measurement. Thus, if 

the experiment were repeated a great number of times, the 

relative frequency of ar would approach, in the limit, the 

probability that the object has the value a for parameter A 

just prior to the interaction with the apparatus. Once 

again, the result is that the meter reading will be a if 

an*.. • nly if the value of A is a. For the case where we are 

measuring the value of a parameter of particle two with 

which we do not interact, as in the Stern-Gerlach experiment 

above, we carry out procedures according to the above con

siderations for one, and from the value of its momentum, 

infer a univocal value for the spin of particle two. Hence, 

we can interpret the meter reading a as standing in a one-Si 
to-one correspondence not only with the possible momentum 

values of particle one, but also with the spin values of 

particle two. 

According to the particle account above, we see how 

it is possible, in principle, to measure the value of any 

parameter A without disturbing it in ideal measurement 

situations, such that the value a of A will be the same 

immediately before and immediately after this measurement. 
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But as we have seen ir the Gedanken experiments discussed 

earlier, we will, in general, either alter the value of its 

conjugate parameter B in the course of the experiment as a 

result of interacting with it, or else be unable to infer 

12 the value of b in the event it is not altered. However, 

we can, in principle, perform a second measurement, , at 

an instant after the first measurement, by which we ascertain 

the value b of B, which will be the same immediately before 

and immediately after the measurement n^. According to 

these considerations, then, we measure a at t^ but have no 

information about the value of B at this time, and measure 

b at t2 and have no information about the value of A at this 

time. But for the timetwhere t^ < t < t2, we have experi

mentally determined the values of A and B, that is a and b, 

as they exist simultaneously, provided only that the 

interval between t^ and t2 be made small enough in the event 

13 
that the values of A and B are time dependent. From the 

particle point of view, then, it does not follow from the 

fact that we can not measure a and b simultaneously, that is, 

by means of measurements performed at one given time, that 

we can not measure the simultaneous value a and b by means 

12. This position represents a generalization based 
on all quantum mechanical experiments known to the author. 

13. This position is proposed by Reichenbach, The 
Philosophic Foundations of Quantum Mechanics, pp. 118-119. 
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of two measurements on a system performed at different 

times. 

In the following Gedanken experiment, we can see 

that simultaneous values of conjugate parameters can be 

14 
measured. Consider the experimental arrangement of 

Figure 4, where an incident micro-entity, for example an 

electron, is directed along the direction of the x-axis so 

that its initial momentum is known to be p^. A single 

narrow slit of width d is placed at position (o,y) in a 

rigid massive screen located a x = 0, and a detector, such 

as a fluorescent screen or photographic plate, is placed 

behind it at x^. If an electron is observed at the detec

tor, we know that an electron has passed through the slit 

and its position is determined with accuracy 6y = d, because 

the slit has a finite width. Using the configuration of the 

plate as a means of measuring the position of the electron 

at time t^ when it passes through the slit, we can say that 

we have measured the electron's position with an error 6y 

which can be reduced to an arbitrarily small amount, in 

principle, by reducing the width of the slit. In the course 

of interacting with the slit system, however, the momentum 

of the electron will be altered by an unpredictable amount, 

which is the well known diffraction effect discussed in 

14. What follows is essentially a detailed account 
of a Gedanken experiment discussed by Ballentine, "The Sta
tistic?! Interpretation of Quantum Mechanics," pp. 365-366; 
and Fong, Ele.-aentary Quantum Mechanics, pp. 117-121. 
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Figure 4. The Single Slit Experiment 
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Chapter IV. Only the magnitude of the momentum, p, is 

unchanged because p = >/2mE and the energy E will be constant 

due to the fact that the plate is rigid and the collision 

will be perfectly elastic. So the electron, which 

initially had no y component of momentum, that is py = 0 for 

t < t^, will have a y component for t = t^ due to the inter

action with the plate. The y component of the momentum for 

the time t = t^ will be p^ = p sin0, where 9 is the angle 

of deflection of the electron, and it will be one value 

among the range of possible values Ap^, = p sin9' , where 9' 

is the maximum angle of deflection of the electron due to 

the diffraction by the plate. The value p^ cannot be 

ascertained by the above measurement, which yields only the 

value of y. 

The registration of the electron by the detector 

will constitute a second measurement of the electron's posi

tion at time ^2, and can be ascertained with an error 6y 

that is in principle eliminable. The result of measuring 

the position at t2 will be that we again transfer an un

predictable momentum to the electron, so that is momentum 

for t = t2 will not be measured in this second observation. 

But by observing the point of impact of the electron at the 

detector, we can determine the angle of deflection 9 arising 

from the first measurement by drawing a line from the slit 

to the spot wnere the electron is detected at t2 and re

garding this line as the direction of motion of the electron. 
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We can thereby ascertain p^, since = p sin9. There will 

be an error in p^ due to the fact that the finite width of 

the slit leads to uncertainty in the angle 9. We can see 

this by noting that tan9 = so that 9 will be exactly 

determined only if y' is exact. But as Figure 5 illustrates, 

the width d of the slit produces a margin of uncertainty in 

the value of 9, since we are not sure whether y' = y-y^ or 

Y1 = Y-y2' However, the uncertainty in the momentum pv 

resulting from the uncertainty in 9 can be made arbitrarily 

small by simply increasing the distance L between the plate 

and the detector because of the following considerations. 

The tan9 = , so that 

69 
_  6 y 1  

2q L 
cos 9 

by differentiation, and hence, 

t n 6y' _ _2n 6y' e L 
6 9= — f —  c o s  9  =  — i  5  =  6 y  ~ ~ —  .  

L L (L +y' ) (L +y' ) 

Then, since p^ = p sin9, 6p^ = p cos96 9 by differentiation, 

so that 6p - p ± p'yL2 

^ " ̂(L2
+y2^ <L2

+y2) " <L2
+y

2>V2 ' 

using the above result for 6 9 and the fact that 

cos 9 = = ~ r~ . 
(L +y 

Hence, 6p = for L » y' ( so that as L becomes 

larger, 6p^ becomes smaller. Thus, the first position 

measurement, taken at t^, and the second position 
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Figure 5. The Experimental Uncertainty of 0 
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measurement, taken at t2, can be used to determine the 

simultaneous position and momentum of the electron at t= t^, 

although the first measurement at t^ alone did not yield 

that result, because it did not tell us which value in the 

range Ap^ the electron took on at that time. Likewise, the 

combination of the two position measurements yields simul

taneous position and momentum information for the electron 

at the instant prior to the interaction with the detector at 

x, because the value of the momentum p^ is known up until 

the time it is disturbed by the interaction and the position 

y is unaltered by the measurement. Since the errors 6y and 

6Py can be arbitrarily reduced, we find that 6p v§y «  h / 2 .  

This constitutes a violation of the uncertainty relation 

only if it is interpreted as a relation for the errors 6px 

and 6y instead of for the root-mean-square deviations Ap^ 

and Ay, but from the particle point of view, as noted 

earlier, this interpretation is unwarranted. The uncer

tainty relation is not violated for the proponent of the 

particle interpretation because if we repeat the measurement 

on an ensemble of electrons in the same state, we will find 

that the root-mean-square deviations Ay and Ap^ do indeed 

obey the relation AyApy = h/2, for if we repeat the experi

ment, we will not in general find the same combinations of 

values of the position and momentum at t for the different 

ensemble members for t^ = t<t2» Thus, the measurement of 

simultaneous values for position and momentum cannot serve 
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to generate or prepare a state for which AyAp^, < h/2, in 

violation of quantum mechanics. Of course, it does not 

follow from the fact that the values from member to member 

in the ensemble are not reproducible that the values ob

served for each member are not repeatable. To the contrary, 

one can by means of ideal measurement leave the observed 

value of a parameter unchanged according to the particle 

account of measurement, and hence measure the same value of 

that parameter at an instant later. Hence, one can not 

argue that the simultaneous value for parameters whose 

operators do not commute is physically meaningless because 

15 
they are not repeatable. 

The acceptance of an interpretation according to 

which the measurement of simultaneously exact position and 

momentum for a particle is possible in principle does not 

commit one to the view that this information can be used to 

make predictions more accurately than quantum mechanics 

permits. This becomes evident when one considers the 

following aspect of the foregoing account. The values of 

conjugate paramters can be ascertained to hold at a time t^ 

only in retrospect according to the particle interpretation, 

because in obtaining this information about a system it is 

15. Arguments of this sort have been discussed by 
Popper in "Quantum Mechanics without the Observer," and by 
Henry Margenau in "Philosophical Problems Concerning the 
Meaning of Measurement in Physics," in Measurement: 
Definitions and Theories. C. W. Churchman and P. Ratoosh, 
eds. (New York: Wiley, 1959), pp. 163-191. 
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always at a time In the above Gedanken experiment, 

for example, we can know the value of y and p^ at t^ only at 

time t2# when the second measurement is performed, so that 

y and p^ were not known at t^, and hence, could not be used 

to predict any future values of y and p . Likewise, at t~ 
y ^ 

we know only the value of y and not p^., so that we can not 

predict any information about the future of the system. 

Only at some time t^ could we again perform a measurement 

and determine the value of p at t- in retrospect. 
y ^ 

The foregoing considerations indicate that the un

certainty relation, from the particle point of view, sets 

neither a lower limit on the accuracy of any measurements 

nor a limitation on simultaneous measurability due to the 

alteration of the values of parameters due to a disturbance 

of the system of interest. By generalization from all of 

the various Gedanken experiments, one can argue that there 

is a limitation on our ability to simultaneously measure the 

values of non-commuting observables either because we 

disturb the value of one in an unpredictable way, because 

we introduce certain physical conditions that preclude our 

knowledge of the undisturbed conjugate parameter, or be

cause we destroy certain correlations by disturbing another 

system with which we interact. However, according to the 

particle interpretation, such limitations on measurement in 

general preclude only the possibility of simultaneously 

measuring the position and momentum, but not the possibility 
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of measuring the simultaneous values of position 

momentum. 

According to the particle analysis of measurement, 

since the value of any one parameter can be measured at a 

given time in such a way that the value obtained is inde

pendent of any disturbance due to the measurement, the 

measured values of parameters can be regarded as those 

possessed by the system independently of the measurement. 

Thus, there is no reason to state the Born interpretation, 

as instrumentalists have done, in terms of values found upon 

measurement, as if the value of a parameter of an individual 

electron is necessarily altered by the measurement or must 

be regarded as some characteristic of the relationship be-

between the system and apparatus. 

With respect to the view that the state of the system 

is, in general, changed by a measurement, some comment is 

called for at this time. The instrumentalist account of 

measurement discussed above involved the use of the pro

jection postulate, that is, the assumption that the state of 

a system is changed to an eigenstate of the measured 

variable. Such a statement must be added to the quantum 

theory in the form of a postulate because the reduction or 

collapse of the state function from a superposition of 

eigenstates to one of the eigenstates in the superposition 

is not predictable by means of the Schro'dinger equation of 

motion. There has been considerable controversy about the 
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necessity of employing this postulate, but such considera

tions lie outside the scope of this paper. What I shall 

examine is the instrumentalist's claim that the adoption of 

16 
the postulate militates against realism. According to 

many of the proponents of instrumentalist accounts of 

measurement, the reduction or collapse of the state function 

called for by the projection postulate is to be regarded as 

a consequence of the alleged unpredictable disturbance of 

the object of interest by the measuring apparatus. The 

alleged fact that such an alteration takes place is supported 

by the considerations surrounding the uncertainty relation 

noted earlier. The upshot of these considerations is that 

if we must change the state in the very act of measurement, 

there can be no objective, observer-independent properties 

of micro-entities or that there can be no simultaneously 

exact values for non-commuting observables. We have already 

discussed the particle proponent's repudiation of the view 

that we must disturb a system in order to perform a measure

ment of the value of its variables, so that if a proponent 

of the particle point of view adopts the postulate, he 

cannot regard the change of the state function for a system 

as generally indicative of a physical change of the system 

16. For examples of commentators who argue for the 
elimination of the postulate, see Margenau, "Philosophical 
Problems Concerning the Meaning of Measurement in Physics," 
and Ballentine, "The Statistical Interpretation of Quantum 
Mechanics." 
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itself. Thus, from the particle viewpoint the change of 

state in quantum mechanics is not on a par physically with 

a change of state in classical mechanics, for the latter 

always involves a physical alteration of the system. 

But what of those cases wherein the measurement does 

in fact disturb the system unpredictably? For example, 

consider the measurement of the exact position of an 

electron at a detector with an apparatus such as that 

pictured in Figure 4. At the instant the electron is 

detected at y, one can maintain that the position is 

measured exactly, and that for an ideal measurement this 

same value can be measured again at an instant later. But 

since one transfers to the electron an unknown momentum in 

the act of measurement, the state of the system is changed 

by the measurement to an eigenstate of position y. In this 

way, one can give a plausible account of the fact that given 

the position y at time t, he can predict the exact position 

y at the next instant t + At, although he can not make any 

prediction about which value of the momentum the electron 

will have at the instant after the measurement. 

Despite the fact that the collapse of the state 

function in such situations results from an actual disturb

ance of the system, it does not support an instrumentalist 

interpretation of quantum mechanical parameters for the 

following reasons. The position y can be regarded as the 

value the electron had just prior to the measurement, 
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according to the particle account of measurement described 

above, so the fact that the state is altered in no way 

undercuts the objective status of the measured parameter. 

All that the change of state indicates with respect to the 

conjugate parameter, here the momentum px, is that one can 

not tell which one of the possible values of px the electron 

takes on as a result of the position measurement, for the 

eigenstate of position y entails a corresponding infinite 

uncertainty in p^. But since we can, in principle, measure 

the new value of p at t + At without in any way disturbing 

it, it too can be regarded as an objective, observer-

independent property. Hence, the change of state in cases 

where we do perturb the system of interest in no way under

cuts the objectivity of the parameters of the system, but 

only indicates the limitations on predictability for those 

parameters given that a particular measurement has been made. 

Again, if one attempts to undercut the status of simul

taneously exact values for parameters whose operators do 

not commute on the basis of the fact that there can be no 

simultaneous eigenstates for those parameters assigned to a 

system, we note that a proponent of the particle interpreta

tion repudiates the assumption which that view rests upon, 

namely, that the state function is a complete description 

of the system. 
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Objections to the Particle Interpretation 

One objection that has been raised against a 

particle interpretation of measurement arises with respect 

to the "tunnel effect," that is, the transmission of 

particles of total energy E through potential barriers whose 

potential energy is V(x), where V(x) > E. Classically, a 

particle could not enter such a region because it would not 

have enough energy to penetrate the barrier as the following 

formal considerations indicate. The application of the 

principle of conservation of energy leads to the assignment 

of imaginary values to the momentum p inside the barrier, 

for if p 2 p 2 

E  = _ 2 _  +  V ( x > ,  t h e n ,  _ S _ < 0  

when V(x) > E. From a classical viewpoint, this result 

indicates that the particle could not penetrate the barrier, 

since momentum is represented by a real number. With quantum 

phenomena it is found experimentally that potential barriers 

for which V(x) > E can be penetrated by micro-entities, and 

17 
this result is predicted by the Schr6'dinger equation. 

Since the particle interpretation is committed to the view 

that micro-entities possess simultaneously exact values of 

their positions and momenta, commentators on this issue have 

argued that it is thereby committed to a paradoxical posi

tion. The inconsistency is that the values of p inside the 

17. Bohm, The Quantum Theory, pp. 235 ff. 
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barrier predicted by the Schrodinger equation are real, as 

are any values of p measured inside the barrier, while the 

application of conservation of energy leads to the assign

ment of imaginary values to p. 

This paradox is allegedly avoided if we subscribe to 

the "orthodox" instrumentalist interpretation originated by 

Werner Heisenberg, according to which we must, in order to 

observe a micro-entity inside the barrier, disturb that 

micro-entity in such a way that it would be given a value of 

X8 
E greater than V(x). A critique of this view is not 

within the scope of this paper, but powerful arguments 

19 
against it have been given elsewhere. It should be noted, 

however, that if such a move would eliminate the paradox for 

the instrumentalist, it would accomplish the same result for 

the proponent of the particle account, for the particle 

interpretation admits that one parameter, here E, may be 

uncontrollably disturbed when another, here x, is measured. 

One way to avoid the paradox is to maintain that the 

principle of conservation of energy does not apply to par

ticles found inside barriers for which V(x) > E, so that 

p2 20 
E £ + V(x) and imaginary values of px do not arise. 

18. Ibid., pp. 237-238. 

19. For example, see Clifford A. Hooker, "Energy 
and the Interpretation of Quantum Mechanics," Australasian 
Journal of Philosophy. Vol. 49, 1971, pp. 262-270. 

20. In private communication, Leslie Ballenti.ne 
indicated that he is in agreement with this solution to the 
paradox. 
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Some commentators have argued that such a move is not 

tenable because of the vast amount of experimental evidence 

which indicates that energy is conserved not only on the 

21 average but in individual quantum processes. But the 

evidence to which they refer relates only to interactions 

between micro-entities, and does not confirm that energy 

will be conserved with respect to an individual micro-

entity penetrating a barrier. From the particle point of 

view, the fact that one always measures real values of p and 

always predicts real values of p by means of the Schrodinger 

equation is evidence that the principle of conservation of 

energy does not apply to the individual particles that 

penetrate the barrier, for the principle predicts that the 

values of p inside the barrier will be imaginary. 

From the wavicle point of view, the paradox does not 

arise. The application of the expression 

p2 

E V(x) 

presupposes that we have simultaneously exact values of both 

E and V(x), which is to presuppose that simultaneously exact 

values are ascribed to both the position x and momentum p^ 

21. For example see Clifford A. Hooker, "The Nature 
of Quantum Mechanical Reality," in Paradigms and Paradoxes. 
Robert G. Colodny, ed. (Pittsburgh: University of Pittsburgh 
Press, 1972), p. 244, and Paul K. Feyerabend, "Problems of 
Microphysics," in Frontiers of Science and Philosophy. Robert 
G. Colodny, ed. (Pittsburgh: University of Pittsburgh Press, 
1962) , pp. 216-217. 
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of the micro-entity, which is inconsistent with the wavicle 

interpretation of quantum mechanics. But since the 

classical expression of conservation of energy is meaning

less for the wavicle interpretation, the paradox can not be 

formulated. If we consider the experimental situation in 

more detail, we find that when the micro-entity is localized 

within the region Ax by a measurement, the momentum of the 

particle will become spread, so that one can not meaning

fully say that the energy of the micro-entity has a well 

defined value when its position is localized. 

A second objection raised against the particle inter

pretation concerns the fact that it incorporates the view 

that instantaneous energy exchanges between interacting 

micro-entities can be quantized, while the micro-entities 

are viewed as having, at every instant, some exact value of 

their energy. Clifford A. Hooker has argued that it is 

contradictory to maintain both that a change in the value 

of a parameter such as energy can be discontinuous, that is, 

can be a finite, discrete quantum of energy, and that the 

change is instantaneous, because such a change would require 

the same micro-entity to possess two distinct energy values 

22 
simultaneously at the time of the change. Hooker's argu

ment is rather lengthy, being presented in great detail, and 

22. In his article, "The Nature of Quantum 
Mechanical Reality," Hooker attributes the origin of this 
argument to Paul K. Feyerabend, but has developed what he 
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it is unnecessary to reproduce it here because it can 

readily be shown to be unsound. The assumption that is 

unwarranted from the particle point of view is that the 

energy exchange is instantaneous and takes place at the time 

tQ. If one rejects this and maintains that the temporal 

continuum can be divided into two periods, namely, that for 

which t = t^ and that for which t = t2, so that t.^ and t^ 

are successive instants of time, he can maintain that for 

an energy exchange AE between two interacting particles, the 

energy of the first particle will be E.^ at t^, while the 

value of the second is E| at t^, and that the energy of the 

first will be E^ at and the energy of the second will be 

E£ at t2» where E^ = E^+AE and EJ, = E£-AE. In this way one 

can maintain both that the change is instantaneous, that is, 

it takes place from one instant, t^, to the next, t2, and 

avoid being committed to the position that at some instant 

tQ the energy has two different values, for example both E^ 

and E2. 

Finally, let us consider an objection to the particle 

23 
account that has been raised by Arthur Pap. Pap claims 

that the view that micro-entities are particles must be 

rejected in the light of Bohr's theory of the atom, which 

considers to be a sufficiently explicit version in his 
"Energy and the Interpretation of Quantum Mechanics," pp. 
262-265. 

23. Arthur Pap, An Introduction to the Philosophy 
of Science (New /ork: Free Press, 1962), p. 328. 
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postulates discontinuous jumps of electrons from one orbit 

to another. The reason why the concept of a "jumping" 

particle is untenable, Pap argues, is that one can not tell 

whether the same electron has changed its orbit or whether 

one electron has been destroyed and another created on a 

different orbit. The difficulty Pap notes is at best an 

epistemological one, however, for it seems that in the 

former case one can maintain that the electron is an 

existing particle, and in the latter case one could maintain 

that there are two electrons existing as particles at 

different times, while repudiating in either event that the 

particles are classically describable. But in point of fact, 

one need not decide either way, for the Bohr theory of the 

atom, a part of the old quantum theory, has been superceded 

with the advent of wave mechanics. According to the new 

quantum theory, the probability of finding an electron will 

be greatest in the vicinity of a Bohr orbit, but there is 

nevertheless some probability of finding an electron in 

between these orbits. Hence, Pap's epistemological concern 

does not arise. 

The Wavicle Interpretation of 
Measurement 

According to a wavicle interpretation of quantum 

mechanics, the terms Ax, Ap , etc. designate objective prop-

erties of micro-systems. Since no commentators on the 

quantum theory have advanced a wavicle interpretation in any 
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detail prior to this paper, no instrumentalists have 

addressed any criticism specifically against the realist 

view of quantity terms that the wavicle view incorporates. 

However, it is obvious that instrumentalists can argue 

against the wavicle interpretation in much the same way that 

they have argued against the particle view above, by simply 

modifying their criticism as follows. The terms Ax, Ap 

etc., insofar as they represent ineliminable uncertainties 

that set a limitation on the accuracy of measurement, can 

not be interpreted as properties of micro-systems. In 

support of this claim, various Gedanken experiments can be 

cited which allegedly show that one can never simultaneously 

measure any conjugate variables more accurately than the 

limits set by the uncertainty relation. I shall now go on 

to explain how a proponent of the wavicle view can respond 

to such a criticism, and in the course of so doing, further 

explicate the account of quantum mechanical measurement to 

which the wavicle interpretation is committed. As I pro

ceed, I shall consider various criticisms of the account 

that might be raised. 

From the wavicle point of view, it is misleading to 

say that quantum mechanical theory involves ineliminable 

errors of measurement in virtue of the uncertainty relation. 

Of course, there are errors that enter into experimental 

results as a consequence of the limitations of the measuring 

instruments employed by physicists. Classically, these 
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errors were regarded by physicists as reducible, in prin

ciple, to zero for ideal measuring instruments. Hence, one 

could speak of ideal states of a system, for example assign 

x and p at t to some particle, where x, p , and t represent 
X X 

exact numbers. But in practice one must deal with non-ideal 

instruments so that the actual state of a system would be 

specified as (x + 5x, p ± 5p ) at t ± 5t, where 6x, 5p , 
X X X 

and 6t are the uncertainties or measures of experimental 

error arising because of the inaccuracies of the measuring 

instruments. When we turn to quantum mechanics, however, 

the situation according to the proponent of the wavicle 

interpretation is similar in the relevant respects. Once 

again, one can speak of an ideal state, ̂ (x,t), which is 

assigned to a system. In practice there will be an experi

mental error factor arising from the fact that one's prepa

ration of state involves the use of non-ideal apparatus, but 

such errors are regarded as eliminable, in principle. For 

example, one might take position measurements of each member 

in a group of electrons emitted from the same source. From 

this information, in conjunction with any other data acquired 

from such systems in order to determine the phase factors, 

one can go on to specify the actual state ^(x+6x, t+6t), 

where 6x and fit again depend upon the degree of accuracy of 

24 
the measuring apparatus. But as far as the quantum 

24. This method of state preparation is described 
by Fong, Elementary Quantum Mechanics. Chapter 6. 
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theoretical formalism is concerned, any error thereby intro

duced is in principle eliminable, and in practice reducible 

to a negligible amount, just as in the classical case. The 

view that the error factors considered above, such as 6x, 

are not the same as the uncertainties such as Ax that enter 

into the formulation of the uncertainty relation can be 

supported by the argument that one could not verify the 

predictions based on that relation unless measurements of an 

accuracy such as 6x « Ax could be made, as noted earlier. 

Hence, quantum mechanical theory does not introduce in-

eliminable uncertainties in the sense of experimental errors. 

Thus far, the wavicle view is not distinguishable from the 

particle view, for both repudiate the claim that the un

certainty relation pertains to experimental errors. However, 

as we shall see shortly, the two views widely diverge in 

their overall interpretation of measurement in quantum 

mechanics. 

The suggestion that the uncertainties 4A and AB in 

the general uncertainty relation arise from experimental 

considerations, which one finds in many discussions of 

Gedanken experiments, can be misleading according to the 

wavicle view for the following reasons. Firstly, one might 

confuse the sense of uncertainty noted above, that is, un

certainty in the sense of experimental errors resulting from 

our crude measuring techniques, with the uncertainties of 

the uncertainty relation, which are only measurable on the 



basis of experiments conducted with ensembles of systems. 

Secondly, one might become confused about the logical posi

tion of the uncertainty relation in the quantum theory, and 

speak of it as if it were the result of purely experimental 

considerations. But in this regard, it must be emphasized 

that any uncertainties arising as a result of the experi

mental conditions pertaining to a measurement do not con

stitute the evidence for the uncertainty relation, but are 

consequences drawn from the relation itself. The inelim-

inable uncertainties AA and AB in the uncertainty relation, 

then, are not dependent in any way upon the design and use 

of measuring apparatus, as are the errors previously 

mentioned, but are inherent in the wave function description 

of the behavior of micro-entities from which the principle 

follows as a logical consequence, as noted in Chapter V. 

If we examine the physical principles underlying the results 

of the Gedanken experiments, these uncertainties are assumed 

to be inherently associated with the parameters of the 

micro-systems considered therein, so that it is the un

certainty relation itself which entails that the results of 

Gedanken experiments are relatively uncertain, but the 

relation itself, not being stated in terms of any specific 

experimental setup, is not entailed by those experiments. 

Thirdly, if one views the uncertainty relation as arising 

from experimental considerations, and speaks of the un

certainties as experimental errors, one might be led to the 
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view that while we can not simultaneously measure the 

precise position and momentum of a micro-entity, there is 

such a precisely defined state which is simply inaccessible 

in such a situation. This view is incompatible with the 

wavicle interpretation of quantum mechanics, for it incor

porates a notion of a micro-entity which is very different 

from that of a wavicle. Insofar as the state function is 

regarded as a complete description of the system, the simul

taneous possession of precise values of conjugate parameters 

is regarded as a conceptual impossibility within the frame

work of quantum mechanics, as noted in Chapter V. From 

the wavicle point of view, then, it is the very nature of 

the micro-entity that precludes the simultaneous measurement, 

of position and momentum. 

We now turn our attention toward the account of 

measurement that can be offered from the wavicle point of 

view. The properties of micro-entities possess, in general, 

spread values according to the wavicle interpretation, but 

in the course of actually measuring the values of parameters 

such as x, px, etc., we find non-spread values. For example, 

consider the two slit experiment already discussed from the 

wavicle point of view in Chapter III. There, the position 

of the electron was regarded as actually spread over both 

slits, although if we measured its position, any one measure

ment would locate the electron at one point in space. Only 

for the ensemble of electrons was there a spread in position 
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values such that Ax covered the spacing of the slits. Hence, 

the wavicle interpretation must account for the fact that 

one obtains non-spread values in measurements of individual 

ensemble members in a given state, when each ensemble member 

is assumed to have spread values of its parameters equal to 

the root-mean-square deviations of the ensemble values. 

One possible account of this situation could run as follows. 

In the course of measuring the value of a parameter, one's 

interaction with the system yields only one value in the 

superposition of values constituting the actual spread value 

of the parameter which is possessed before and during the 

measurement. In the case of a position measurement at a 

photographic plate, as in the two slit experiment, it would 

be maintained on this account that the electron is actually 

spread out over the entire region Ax that would be darkened 

if sufficiently many electrons in the same state were allowed 

to strike the plate over a period of time. But despite the 

spread in x over this region, the electron effects an inter

action with the photographic emulsion at only one point in 

the region Ax. The reason for this, it could be argued, is 

that while the mass of the electron is actually spread over 

the entire region Ax, its density is proportional to the 

probability density iso that it is more likely for it 

to be detected where it is most dense. The foregoing 

account is unsatisfactory, however, because it is not 

readily extendable to the other spread properties of 
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micro-entities. For example, consider the measurement of 

momentum where there is a spread Ap . In order to explain 

why only one value of the momentum px emerges upon 

measurement, one can not again maintain that the single 

value from among the superposition of possible measured 

values emerges because of any feature of the mass distribu

tion since the spread Ap will be greatest when the spread 

Ax is smallest and the mass is most localized according to 

the view outlined above. Of course, one might simply insist 

that the single value of a parameter emerges despite its 

actual spread value in some inexplicable way. But when 

one considers that if he repeats the measurement of a 

parameter on the same ensemble member at an instant later 

he will find the same value with ideal measuring instru

ments, such a view becomes even less acceptable. It seems 

especially puzzling that one should obtain the same results 

successively with one ensemble member in a given state 

having a certain spread in its parameters, while one 

obtains, in general, a different value if one repeats the 

experiment with a different ensemble member in the same 

state and having the same spread values of its parameters. 

A more satisfactory account of quantum mechanical 

measurement from the wavicle point of view can be developed 

if one assumes that the system is actually disturbed by the 

measurement in such a way that the spread value of a param

eter prior to the instant one interacts to measure it is in 
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general different from the value it has as a result of the 

interaction. Returning again to the slit experiment to 

exemplify this position, the electron would be spread over 

a region Ax at the instant t^ prior to its interaction with 

the position detector at t2« At the spatial spread of 

the electron collapses or converges to the point where the 

electron is detected as a result of the interaction with the 

measuring instrument, such as a phtographic plate. So at 

the time t^ when a measurement is made, the value of a 

particular parameter becomes non-spread, and as a result, 

its conjugate parameter becomes completely spread according 

to wavicle interpretation of the nature of micro-entities. 

Formally, this can be expressed by maintaining, as the 

instrumentalist did earlier, that the state of the system 

is in general changed upon measurement to an eigenstate of 

the measured parameter in accordance with the projection 

2 5 
postulate. The Born interpretation of the function, 

then, would be restated by the proponent of the wavicle 

interpretation, as it was by the instrumentalist, in terms 

of values parameters will have when those parameters are 

measured. The ineliminable change of state due to the 

perturbation of the system in the process of measurement is 

indicative of a physical alteration of the properties of the 

25. Since the wavicle account of measurement is 
formally the same as the instrumentalist account dis
cussed earlier in this chapter, I shall not repeat it at 
this point. 
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system from a spread to a non-spread character for the 

measured parameter. Thus, the values of x, p , etc., that 

emerge upon measurement are not the values possessed by 

those parameters independently of interactions with 

measuring instruments, as the particle view maintained. 

Rather, it is the spread quantities Ax, Ap^, etc. whose 

values are measured by observations of ensembles in the same 

state that are the observer-independent properties of 

micro-systems from the wavicle point of view, for the values 

exist just prior to disturbance of the system by a measuring 

apparatus. At this point, we can now more fully appreciate 

the difference between the errors of measurement 6x, 6px, 

etc., associated with non-spread values,x, p , etc., that 

emerge upon measurement due to the collapse of the state 

function, and the spread values Ax, Apx, etc., which 

constitute objective properties of the micro-entities. 

In order to further contrast the particle and 

wavicle interpretations, let us now consider the wavicle 

interpretation of the three Gedanken experiments that 

represented three essentially different kinds of situation 

for the particle view according to the discussion earlier. 

The first of these, the Super Microscope experiment, in

volves the localization of the position of an electron 

within a region Ax = \/sin^Q. From the wavicle point of 

view, the electron, just prior to its interaction with the 

proton, has a spread of both its position, Ax, and 
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momentum, Apx, which are predictable from the state function. 

If we make a position measurement, and we narrow down its 

spatial spread to the region Ax & X/sinj^Q, its momentum 

becomes uncertain by Ap = (-^Osinjf . But for the wavicle 

interpretation, as opposed to the particle interpretation, 

this does not mean that the electron has some position x in 

the range Ax, while the electron's momentum takes on one of 

the values in the range Apx, but rather that the electron 

takes on the entire range of values Apx, in the sense that 

its momentum becomes spread over the entire range Ap , while 
X 

its spatial spread is localized to the region Ax. In terms 

of the properties of micro-entities and their disturbance 

by measurement in this kind of experiment, the proponents 

of the particle interpretation maintain that the position x 

is not disturbed by the measurement, but, the conjugate 

momentum px is disturbed, while proponents of the wavicle 

interpretation maintain that both the spread in position Ax 

and the spread in the conjugate momentum Apx are in general 

disturbed. 

In the second Gedanken experiment, a measurement of 

the momentum was made by means of the Doppler effect. For 

the proponent of the particle view, this experiment leads 

to an ignorance of the value cf its conjugate position at 

the time it has the measured momentum, such that the 

electron has some unknown, but exact value in the range 

Ay = "• But from the wavicle viewpoint, the position 
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actually becomes indefinite in the sense that the electron 

is spread over the region Ay when its range of momenta is 

narrowed down. The wavicle and particle viewpoints yield 

different conclusions regarding the properties of the micro-

entities, for according to the former both of the conjugate 

parameters are altered by the measurement, whereas according 

to the latter the value of neither parameter is altered by 

the measurement. 

As a consequence of the foregoing considerations, 

the wavicle interpretation of ideal experiments wherein one 

allegedly makes measurements of simultaneous values of x and 

px by means of measurements at two different times must be 

markedly different from that of the particle interpretation. 

This becomes obvious when we consider the particular experi

ment discussed in the second section of this chapter. If we 

measure the position of the electron at the slit in Figure 

4, the momentum at that time becomes spread over the range 

Ap . If we later make a second measurement of position at 
j. 

the detector, the momentum again becomes spread. It is not 

legitimate from the wavicle point of view to draw the line 

from the slit to the detector in order to ascertain a 

definite, exact momentum at the slit, because such a move 

presupposes that the electron follows a definite trajectory 

between the two points. But the assumption that it follows 

such a trajectory makes sense only from the particle view

point, wherein one is committed to the view that 
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micro-entities actually have exact values of position and 

momentum at all times. From the wavicle point of view this 

is denied, so that it is impossible, in principle, to 

attribute a trajectory to the electron. If the trajectory 

line can not be meaningfully drawn, then one cannot maintain 

that the electron was deflected at the exact angle srf, and 

hence no inference about an exact value of p can be inferred 

on the basis of the two position measurements. 

In the next section I shall consider some objections 

to the wavicle account of measurement, and in the course of 

so doing contrast the wavicle interpretation with the 

particle interpretation of the type of Gedanken experiment 

illustrated by the ideal Stern-Gerlach experiments discussed 

earlier. Before going on, however, it should be noted that 

while I maintained that there were essentially three differ

ent kinds of experimental situations with respect to the 

properties of micro-systems from the particle point of view, 

there is only one kind of situation from the wavicle point 

of view. For the proponent of the particle interpretation, 

there are cases wherein one interacts with the system of 

interest and measures the value of one parameter thereby 

disturbing the conjugate, such as in the Super Microscope 

experiment, cases wherein one interacts with the system of 

interest and measures one parameter but introduces physical 

factors that lead to an ignorance of the ^alue of the con

jugate parameter, such as in the Dopp.ler effect experiment, 
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and, finally, cases wherein one measures the value of a 

parameter by interaction instead with a second system 

correlated to it, but remains ignorant of the value of its 

conjugate parameter due to the destruction of correlations 

in the measurement, such as in the case of the ideal Stern-

Gerlach experiment. But for the proponent of the wavicle 

interpretation, one always disturbs the spread properties 

when making measurements of parameters such that one 

experimentally ascertains that the magnitude of a parameter 

A for the individual micro-entity in a given state is more 

narrowly defined than the spread of that parameter AA 

predicted by means of the state function <A. 

Objections to the Wavicle Interpretation 

We shall now examine the wavicle interpretation of 

Gedanken experiments wherein one measures the value of a 

parameter of one system by interacting with a second system 

that is correlated to the first, such as the spin measure

ment by means of a Stern-Gerlach apparatus described above. 

From the wavicle point of view, exact spin components cr , 

a , and az cannot simultaneously belong to a micro-entity, 

such as an electron, because their operators do not commute, 

so that these variables represent conjugate parameters. 

In general, that is, when we are not dealing with an eigen-

state of one of the spin variables, the micro-entity will 

not possess exact values of any of the spin variables, but 
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rather some indefinite spin represented formally by a super

position of exact spin values. Upon measurement of the 

spin, the state will be changed to an eigenstate of the 

measured spin component, so that for a micro-entity no 

component of the spin exists with an exact value until 

interaction with a suitable system, when the physical con

dition of the system is altered in such a way that the spin 

becomes exactly either a or n or a . J x y z 

If we return to a consideration of the spin Gedanken 

experiment, the wavicle interpretation would run as follows. 

As soon as the second electron interacts with the measuring 

apparatus such that the momentum and spin are exactly 

determined, the correlations between the two electrons are 

destroyed. For the proponents of the particle interpreta

tion, when the value of the momentum of the first particle 

d H1 

is found to be P^z = -K^^ T, where H' is the magnetic field 

and T is the transit time, and K is a proportionality 

factor, the spin component of the second electron will be 

o~ = -1, while if the momentum of the first is P, = 
2z ' lz 

d 26 
-K — H'T, then cr, = -1 and cj0 = +1. From the wavicle 

dz lz 2z 

point of view, however, the interpretation is that if = 

dH' 
-K — T then a. = +1 and if a measurement of the spin is 

dz lz c 

made on the second electron, its value will be found to be 

26. For the derivation of these quantitative rela
tions, see Ballentine, "The Statistical Interpretation of 
Quantum Mechanics," pp. 362-363. 
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~ ' ancl li^ewise f°r other components. It is 

necessary to characterize the spin value c^z °f the second 

electron as the value it will have upon measurement in order 

to avoid being committed to the view that the second 

electron has exact values c^z an^ CT2X simultaneously, for 

upon rotation of the Stern-Gerlach magnet, similar results 

will be found for the x components of momentum and spin of 

the two electrons. Since the second electron is not 

affected by either the magnet or the measurement made on the 

first electron, to view the exact values crn or as to-
' 2z 2x 

tally independent of any interaction with it would lead to 

the characterization of the electron as simultaneously having 

exact an<^ CT2x' "*"n accor<^ance with the particle viewpoint. 

The main weakness of the wavicle account of this 

experiment stems from the fact that the second electron is 

not affected by the measurement performed on the first 

electron. The spin value of the second electron is not only 

exactly measurable, but it is also exactly predictable once 

we know the value of the momentum of the first electron. For 

the proponent of the wavicle interpretation, then, the state 

of the second electron must be projected into an eigenstate 

of spin even before its spin is measured, simply as a result 

of the experimental interaction with the first electron. 

Since the interaction with the first electron by 

hypothesis does not disturb the second, and furthermore, 

since the collapse of the state function is a formal 
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representation of a physical alteration of the system 

according to the wavicle view of measurement, the wavicle 

interpretation is committed to a contradiction. The in

consistency it entails is that the second electron is both 

physically disturbed (in virtue of the collapse of its state 

function even prior to any measurement of its spin) and not 

disturbed (in virtue of the experimental arrangement accord

ing to which it is in principle possible to measure the 

parameters of the first without in any way disturbing the 

second). 

Another serious difficulty with the wavicle account 

of measurement concerns its inconsistency with relativity 

theory, which can be illustrated as follows. If one prepares 

an eigenstate of momentum, the position of any micro-entity 

in that state will be spread over all space, for when 

Apx —0, Ax '—>• » according to the uncertainty relation. 

But if one makes an exact position measurement on one micro-

entity in that state, one value in the range Ax will emerge. 

According to the wavicle interpretation, this is the result 

of the spatial spread of the micro-entity converging to the 

measured point x, which is represented formally by the 

collapse of the state function to an eigenfunction of posi

tion at the instant the measurement is performed. However, 

as noted earlier, the collapse of the state function is not 

governed by the Schro'dinger equation, which is applicable 

only until the instant just prior to the measurement, and 
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the collapse is postulated to take place instantaneously. 

But since the mass of the micro-entity must travel with a 

speed greater than the speed of light in order for it to 

become instantaneously localized at a point, relativity 

physics is violated. It should be noted that for the 

particle interpretaion, such a violation does not occur, 

since a micro-entity in an eigenstate of momentum is 

postulated to be at some unknown but exact position which, 

when measured, need not be disturbed. 

At this point, a proponent of the wavicle inter

pretation could make the same appeals that were considered 

in conjunction with the similar criticism of the wave view 

discussed in Chapter V. It seems implausible that rela-

tivistic considerations would not apply to the interactions 

of micro-entities with measuring instruments, so any attempt 

to save the wavicle view by means of such speculations seems 

untenable. At best, one can suspend judgment concerning the 

rejection of the wavicle interpretation on the above grounds 

until the successful development of a relativistic quantum 

mechanical formalism according to which it might be the case 

that the collapse of the state function will be described 

by means of an equation which does not involve superluminal 

speeds for converging masses. 



CHAPTER VII 

DETERMINISM AND CAUSALITY IN 
QUANTUM MECHANICS 

Determinism in Quantum Mechanics 

It should be noted at the outset of this chapter 

that there will be no attempt in the following discussion to 

develop a general theory of causality or to give an account 

of the role of causality in physics. Rather, I shall be 

concerned only with the issue of whether or not quantum 

mechanical entities can be regarded as entering into causal 

relationships. Discussions about causality in quantum 

mechanics generally begin by examining the status of deter

minism with respect to that theory, so I shall proceed in 

that fashion. 

According to most philosophers of science, it is 

appropriate, at least in physics, to regard determination as 

a specific relation between states in a physical system. In 

particular, a theory is said to be deterministic if the laws 

of a theory are such than they mathematically determine the 

final state of a system in virtue of the specification of 

the initial state of that system expressed in terms of 

functions of state variables. From this point of view, 

classical mechanics is regarded as a paradigm of a deter

ministic theory. According to classical mechanics, if one 
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fixes the variables of position and momentum for a particle 

at an arbitrary initial time, then given the force function 

for that system, he can predict the position and momentum 

at any future time for a closed system according to the 

classical law of motion, as noted in Chapter V. On the 

basis of these considerations, then, it is said that the 

mechanical state of the system at some initial time uniquely 

determines the mechanical state at any other time. If we 

apply the above criterion of determination to other theories, 

we find that classical mechanics is not the only example of 

a deterministic theory. The electromagnetic field theory 

of Maxwell, for example, allows us to predict, if we know 

at one instant the exact state of the electromagnetic field 

and the motion of any charges contained in it, any further 

state of the field. Hence, the type of state variables that 

are used, for example mechanical state variables or electro

magnetic field state variables, is not essential in the 

criterion of determination. 

When we turn to quantum mechanics, we find that 

given the intial state of a system specified by the <A-

function at the initial time, the wave equation uniquely 

determines the final state specified by the ̂ -function at 

the final time, assuming only that we know the form of the 

Hamiltonian for the system, as noted in Chapter V. With 

respect to the <A-function state description, then, quantum 

mechanics is a deterministic theory. From the particle 
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viewpoint this means that the statistical distributions of 

parameter values for the ensemble members is determined by 

the intial state preparation, although for any individual 

ensemble member only the relative probability that its param

eters might be found to have certain values is predictable. 

On the other hand, from the wavicle viewpoint the fact that 

quantum mechanics is deterministic in the above sense means 

that the different possible spread values for any ensemble 

member is determined by the initial state, although one can 

predict, for any given ensemble member, only the relative 

probability that parameters will take on certain values as 

a result of a measurement. 

Since predictions about the values of measured 

parameters for individual ensemble members are fundamentally 

statistical in nature, it is often argued that while quantum 

mechanical law itself is deterministic with respect to the 

i/f-function, it is not deterministic with respect to the 

individual ensemble members whose dynamical state is desig

nated by that function. Quantum mechanics can be contrasted 

in this respect with classical mechanics, for in the latter 

theory a state prediction for an individual particle is 

given in terms of the exact values of any parameters 

associated with it. 
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Causality and Determinism 

In discussions about causality in physics, one 

frequently finds physicists and philosophers of science 

alike equating the notion of causal law with that of deter

ministic law."*" But while the discussion in the foregoing 

section is certainly illuminating with respect to deter

minism, it actually does little to clarify the role of 

causality in physical theory. The notion of determination 

employed above concerns predictability, and fails to capture 

the essential character of the notion of causality. This 

can readily be seen when one recognizes that the determina

tion referred to is time symmetric, that is, the initial 

state of a system in classical mechanics, classical electro-

dynamical theory, and quantum mechanics, is mathematically 

determined by the equations of motion of those theories given 

the final state, since one can evolve the state of the system 

backwards in virtue of the fact that those equations are in

variant under time reversal. However, if we are to maintain 

that the deterministic relationship between states actually 

exemplifies a causal relationship between those states, then 

we would be committed to the view that causal relationships 

are time symmetric, which has the counterintuitive conse

quence that an effect can be temporally prior to its cause. 

1. For example, see Nagel, The Structure of Science, 
p. 277, and Fong, Elementary Quantum Mechanics. p. 32. 
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A further indication that it is not appropriate to regard 

the concept of causality as equivalent to the notion of 

determination explained above concerns the apparently im

proper use of causal language that it entails. For example, 

it would be rather unusual to ask what caused a projectile 

to be, at time t ̂, at a position x^, with momentum p^. But 

it seems to be a misuse of causal language to reply that the 

cause was the projectile's being at position Xq with 

2 
momentum p at time t . On the other hand it would be ro o 

appropriate to ask what caused the projectile to move and 

to reply, for instance, that the cause was the firing of a 

gun. 

At this point, one would re-examine the causality-

determinism relationship and attempt to define a sense of 

physical determination which somehow explicates the concept 

of causality relevant to physics. Rather than digressing in 

order to undertake such an ambitious enterprise, however, I 

shall consider a sense in which it seems to be appropriate 

to speak of micro-entities entering into causal relations 

from the realist's point of view. 

In the course of measuring the value of parameters, 

it was noted in Chapter VI that according to the particle 

interpretation of measurement it is possible in principle 

2. A similar example of this same philosophical 
point can be found in Pap, An Introduction to the Philosophy 
of Science, p. 313. 
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to establish one-to-one correspondences between the indi

vidual values of quantum mechanical parameters and different 

discernible macro-states of a measuring apparatus. Hence, 

if a micro-entity such as an electron has a specific value 

a of some parameter A at a given time, then if an A-

measurement is performed at that time, the meter reading 

will be a . and the meter will read a only if the value of 
a a J 

A is a. If the establishment of such correlations were not 

possible in principle, it would be impossible to verify the 

theory according to the particle point of view. Consider, 

for example, the following case of a position measurement 

made by a position detector that emits an audible clicking 

signal when struck by a micro-entity. Initially, we prepare 

an eigenstate of position x = a, having placed the detector 

at that position. In order to verify the prediction that 

x = a for micro-entities in the specified state, it must be 

the case that the experimental situation can be arranged so 

that the detector will click if and only if an electron is 

at x = a. If it could click whether or not an electron were 

at x = a, then its clicking simply could not serve to 

measure the position of the electron. Whenever experimental 

situations are established such that there is a one-to-one 

correspondence between a macroscopic system and micro-

entity, it seems appropriate to say that the micro-entity 

having certain values of the parameter under consideration 

causes the meter to have a certain reading. In the case 
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cited above, for instance, one can say that the micro-entity 

caused the detector to click, because its presence at x = a 

is both a necessary and sufficient condition for that macro-

event, given the background conditions of the experiment. 

One may also employ causal language according to the 

wavicle account of measurement. Since proponents of this 

interpretation assume that measurements yield values of 

parameters which have in general converged from spread to 

non-spread values, one must be able to set up experimental 

arrangements wherein the A-meter will read a_ if and only if 
a 

the value of parameter A has collapsed to value a. If an 

A-meter could read a whether or not the value of A was a, 
a ' 

then there would be no way to verify the theory from the 

wavicle point of view. This can be illustrated by the case 

of a position measurement similar to that discussed above, 

where we now prepare a state in which there will be some 

spatial spread Ax for each ensemble member at a time t, in 

the absence of a measurement, and perform an exact position 

measurement at t on one member of the ensemble. For the 

proponent of the wavicle interpretation, if the measurements 

yield the exact value x = a, the spread Ax must have con

verged to the point a, the state having changed to an 

eigenstate of position. In order for the inference that Ax 

converged to a to be empirically justified, the interpreta

tion is comnitted to the view that the counter will read a d 

if and only if the spread value of x converges to a. 
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Furthermore, the projection of the state into an eigenstate 

by the measurement leads to the prediction that if another 

measurement is made at the instant after the first, the 

value of A will be a once again. And in order to verify 

this latter claim, it must again be the case that the meter 

will read a_ if and only if the micro-entity is at position 
a 

a. 

In virtue of the one-to-one correspondence between 

the collapsed value a of any parameter A and the meter 

reading aa that the wavicle view requires, it seems that 

proponents of this interpretation can legitimately employ 

causal language in such experimental situations by saying 

that micro-entities whose parameters have certain measured 

values cause the meter to have a certain reading in circum

stances wherein the experiment is devised so that one can 

uniquely infer the parameter's value on the basis of the 

meter's reading. 

Instrumentalism and Causality 

In describing experiments in quantum mechanics, 

physicists often say that micro-entities interact with 

measuring instruments, so that the behavior of micro-

entities produces certain directly observable macroscopic 

states. Proponents of realism can make clear sense of such 

locutions in a direct way, because from their point of view, 

measurements involve a causal relationship between the 



216 

micro-entity and macroscopic measuring instrument. The term 

"interaction" employed by physicists can then be regarded in 

the ordinary sense of causal interaction. For the instru

mentalist, however, the situation is markedly different. 

The meaningfulness of locutions such as "A causally inter

acts with B" ordinarily presupposes, at least in scientific 

contexts, that A and B have the same ontological status. 

But since instrumentalists deny either that micro-entities 

exist or that they exist in the same sense as the macro

scopic measuring devices, it is incumbent upon them to 

explicate some meaning for the term "interaction" other than 

its ordinary sense, or else to drop the term and re-describe 

measuring procedures without in any way employing that term 

or its equivalent. 



CHAPTER VIII 

SUMMARY AND CONCLUSION 

In the second chapter of this dissertation, I 

presented considerations based on certain features common 

to theories in the natural sciences which indicated that a 

realist interpretation of such theories is preferable to 

an instrumentalist interpretation. I then went on to argue 

in the second chapter that the realist theory of measure

ment developed therein is a more satisfactory account of 

quantitative scientific theories than the leading instru

mentalist theories of measurement. In the remainder of the 

dissertation, I examined the wave, the wavicle, and the 

particle interpretations of the quantum theory in an attempt 

to defend realism from prominent instrumentalist objections 

that are based on features peculiar to that theory. 

I discussed a number of insurmountable difficulties 

associated with the wave interpretation which demonstrated 

that the wave interpretation is untenable. I then developed 

both the wavicle and particle interpretations in considerable 

detail and explained how proponents of those views could 

convincingly defend their interpretations from the most 

common types of instrumentalist objections. I noted that 

the chief obstacle to accepting the wavicle interpretation 
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of quantum mechanics is the failure of the wavicle view to 

account for measurements such as those performed by means 

of the spin Stern-Gerlach experiment discussed in Chapter 

VI. On the other hand, the particle interpretation was shown 

to be an acceptable realist interpretation of the quantum 

mechanical formalism. 

Because a repudiation of realism at the quantum 

mechanical level entails the loss of those general advantages 

offered by realism with respect to measurement theory and 

the cognitive status of theories, a realist interpretation 

of quantum mechanics is preferable. Hence, it is incumbent 

upon those who continue to opt for instrumentalism in quantum 

mechanics not only to develop their interpretations in 

detail with respect to the important features of the theo

retical formalism, but to also address themselves to the 

general difficulties facing instrumentalism which were 

discussed in the first two chapters. 
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