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ABSTRACT: Scientists use a variety of modes of representation in their work, but 
philosophers have studied mainly sentences expressing propositions. I ask whether 
diagrams are mere conveniences in expressing propositions or whether they are a distinct, 
ineliminable mode of representation in scientific texts. The case of path analysis, a 
statistical method for quantitatively assessing the relative degree of causal determination 
of variation as expressed in a causal path diagram, is discussed. Path analysis presents a 
worst case for arguments against eliminability since path diagrams are usually presumed 
to be mathematically or logically "equivalent" in an important sense to sets of linear path 
equations. I argue that path diagrams are strongly generative, i.e., that they add analytical 
power to path analysis beyond what is supplied by linear equations, and therefore that 
they are ineliminable in a strong scientific sense. 
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I. DIAGRAMS AND SENTENCES 

Scientists use various modes of  expression in their published and unpublished 
written work: sentences, photographs, micrographs, graphs, charts, tables, 
diagrams, citations and references all contribute to make up "the work." 
Sometimes differences in the non-sentential elements of  scientific works reveal 
aspects of  conceptual change not otherwise easily noted. Philosophers o f  science 
have spent nearly all their time studying sentences, taking the other modes of  
expression for granted and paying them little attention (but see Cartwright 1983, 
Ch. 8; Nersessian 1987, 1988; and Griesemer and Wimsatt 1989 for some recent 
exceptions). It is interesting to ask whether the ignored modes are merely 
heuristic, that is, whether they serve only as more convenient modes of  proposi- 
tional expression than sentences in some circumstances, or whether they serve a 
more fundamental scientific function. Is it in principle possible that science 
could do without them? 

In this paper I focus on one specific question: must diagrams be eliminable 
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from scientific discourse? Griesemer and Wimsatt (1989) showed that diagrams 
of Weismannism, the doctrine of the continuity of the germ-plasm and of the 
non-inheritance of acquired characteristics, can be philosophically heuristic. 
Diagrams can be used to track historical changes in scientific ideas that are 
variably expressed in scientific texts or distributed among texts covering a 
variety of domains. Diagrams have a number of useful properties for tracking 
scientific change including: locality, identifiable boundaries, relatively easy 
evaluation of characteristics, relatively easy determination of ancestry, relative 
independence from context, and "portability" across contexts (see Griesemer 
and Wimsatt 1989, pp. 93-98). 

The properties that make diagrams philosophically heuristic make them 
scientifically heuristic as well. Scientists would be unlikely to use them 
otherwise. But are diagrams mere scaffolding to express ideas conveniently or 
are they fundamental to the practice of science? Should our philosophical 
assessment of scientific diagrams be like Wittgenstein's assessment of  his 
propositions in the Tractatus? 

6.54 My propositions serve as elucidations in the following way: anyone who 
understands me eventually recognizes them as nonsensical, when he has used them - 
as steps - to climb up beyond them. (He must, so to speak, throw away the ladder 
after he has climbed up it.) (Wittgenstein 1961, p. 74) 

Can diagrams likewise be thrown away after the point is made, i.e. after the 
reader is made to "see" the proposition? The old saw that a picture is worth a 
thousand words suggests that they can. I f  the word value of pictures can be 
calculated, then perhaps words and pictures are intersubstitutable in some 
relevant sense. The tacit view expressed in the clich6 is that scientific currency 
is propositional and that pictures and diagrams, although valuable, are simply 
larger denomination bills scientists carry to keep their conceptual pockets from 
bulging. 

I have conveniently blurred the distinction between pictures and diagrams in 
the preceding paragraph, necessitating further comment. I distinguish between 
two issues about the nature of  diagrams. The first concerns whether diagrams 
are propositional at all, i.e., whether they "carry" information in the same 
symbolic sense that sentences do, or whether diagrams are pictorial in form and 
content. The second issue assumes diagrams are propositional, but that their 
information content is not adequately expressed by a given, or possibly by any, 
finite collection of sentences offered "in translation." I address only the second 
issue as it may be doubted that the first is even intelligible in the absence of a 
full theory of diagrams and propositions. 

I take it that at least some pictures are propositional and some diagrams are 
pictorial, so some further distinction is needed between pictures and diagrams. 
Goodman (1976) and Goodman and Elgin (1988) make useful inroads on the 
concept of diagrams; their distinctions should caution against simplistic equation 
of the two concepts. They note, for example, that while diagrams often have the 
"look" of pictures, whether they function as pictures depends on how one reads 
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them (see Goodman 1976, p. 170). However, their remarks are far from the full 
theory of diagrammatic and pictorial conventions required to answer the 
questions framed here. I aim only to consider sentential and non-sentential 
expression afforded by the contrast between sentences expressed in mathemati- 
cal language and diagrams for which reading conventions are explicit. 

Let us briefly consider possible answers to the question whether diagrams 
must be eliminable and a simple illustration before discussing a case in detail. I 
will answer that they need not be, although a residual issue will remain, 
depending on whether the question means logically eliminable or only 
"scientifically" eliminable. The particular case I will discuss concerns Sewell 
Wright's path analysis, a form of "linear causal modeling, ''2 and the role of path 
diagrams in his method. This case is especially interesting since path analysis 
incorporates both diagrams and equations; the latter can be understood to 
express statistical propositions about the quantitative influence of factors that are 
qualitatively represented in diagrams. The question is whether one needs the 
diagrams to do linear causal modeling or whether the equations by themselves 
are sufficient. If it can be successfully argued that path diagrams are not 
eliminable, then the conceptual question of this paper will have been answered 
in the negative. Since there are doubtless many contexts in which diagrams are 
eliminable from science, the demonstration that they need not be makes the 
question of eliminability an empirical one requiring investigation in every case. 

To fix ideas, let us entertain a simple case of path analysis. Pertinent aspects 
of the theory will be described in more detail later and in the Appendix. In 1934, 
Wright illustrated his method of path analysis by representing in a diagram two 
hypotheses due to Minot on the causes of variation in birth weight among guinea 
pigs, Wright's favored study organism (see Wright 1921a for the original 
analysis and Wright 1968, pp. 341-356 for review). Minot has supposed that 
birth weight could be influenced in two ways by litter size: through fetal growth 
and/or through gestation period. Wright represented these possible paths of 
causal influence in a diagram (see Figure 1). 

The letters represent causal factors, e.g., 'L' represents standardized litter size, 
and the arrows represent lines of causal influence. Using the diagram, Wright 
constructed a set of linear equations to express the correlation between birth 
weight and litter size, rBL, as a function of the intervening variables, F and L 
These equations are sums of products of terms called path coefficients, Pij, that 
Wright defined so as to describe an important statistical relationship between 
standardized variables i and j. (Standardized variables are "regular" variables 
minus their means divided by their standard deviations.) The table redrawn at 
the bottom of Figure 1 presents Wright's analysis of the guinea pig data. The 
relevant summary equation expressing the correlation between B and L in terms 
of the contributions of the component connecting paths, which Wright did not 
explicitly include in the table, is: 

rBL = (PBFL + PB1L) = (PBF • PFL) + (PB1 X PlL)" (1) 
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Preliminary oversimplified path analysis of ~L 

PFL = - 0.59 Pl)FL = pl)FPFL = - 0.51 
. . . .  0.15 P i e  - 0 .44  PBIL P:BI PIL 

Pm~ = + 0 .66  r~n = - 0.66 
P:BI = + 0 .33  

Fig. 1. Wright's path diagram and data table for two hypotheses proposed by Minot to 
explain birth weight in guinea pigs (B) in terms of possible causal influences of litter size 
(L) on intervening variables, fetal growth rate (F) and an index of gestation period (I). 

After Wright (1968, Fig. 14.4, p. 347). 
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The scientific appeal of path equations is that by standardizing variables and 
defining paths and path coefficients in a certain way, compound paths have 
values equal to the product of the component path coefficients and correlations 
between variables can be expressed in terms of the sum of all connecting paths. 
These mathematical relations can be easily "read off" the diagrams (Wright 
1934, 1968; cf. Li 1975). 

The philosophical interest concerns the role of the path diagram: is it an 
essential analytical tool or a mere convenience, i.e., part of the "causal model" 
or only a calculating device to aid in construction of the equations? Once he had 
the equations, Wright used simple mathematics to show that the influence of 
litter size through fetal growth is greater than that through gestation period, i.e., 
[PBFL [ > [PBIL[, contrary to Minot's own conclusion about the data. Thus, the 
diagram appears heuristically valuable in showing how Minot's hypotheses may 
be compared. However, the algebra and statistics, not the diagram, settle the 
quantitative issue about which path is empirically more important. 

The conclusion that diagrams are eliminable, given the sentences, is plausibly 
drawn from traditional philosophy of science, in which nearly exclusive 
concentration on linguistic expression of laws, theories, observations and 
experimental results has supported the tacit assumption that science is fundamen- 
tally sentential in representational form. Hence diagrams are construed, at best, 
as compact representations of objects, properties and relations that stand in for 
sentences in the expression of propositions. In the example above, equations for 
determination of fractions of the correlation would express the basic proposi- 
tions to be explained by a physiological genetic theory. The diagram is merely a 
visual presentation of Minot's hypotheses and Wright's equations, and only the 
table at the botton of Figure 1 is required. 

Philosophers of science have begun to reexamine the hegemony of the 
linguistic turn and their emphasis on theories, but thus far have focused on broad 
contrasts such as between thought and action or representing and intervening 
(e.g., Hacking 1983; cf. Latour 1987 for a discussion of inscriptions t h a t  
attempts to close the gap). Cartwright (1989) uses path diagrams in her discus- 
sion of linear causal modeling in econometrics, but the role of the diagrams 
themselves is not the subject of her philosophical inquiry. The specific issues 
raised by quasi-, mixed-, borderline-, or non-propositionalmodes like diagrams 
have yet to be fully addressed. 

One version of an affirmative answer to the question whether diagrams must 
be eliminable assumes in-principle reducibility as part of a theory of epis- 
temological reductionism. It distinguishes between questions of the logical 
eliminability of diagrams, via reduction to sentences, in the context of justifica- 
tion on the one hand and the cognitive, conceptual, pragmatic, and social 
dimensions of "scientific" eliminability of diagrams in the context of discovery 
on the other hand. It may well be that diagrams are fundamental in formulating 
or constructing complex sets of propositions, but once the relevant propositions 
are recognized they can be reformulated (in principle) in sentences; there is no 
further discovery value in the diagram and the reformulation of their proposi- 
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tional content in sentences undercuts the assumption of any value in justifica- 
tion. 

However, this same distinction has been deployed in the reductionism 
literature to argue against alleged cases of successful reduction. The grounds for 
this argument are that in-principle reduction is no reduction at all. The case has 
been made in two ways: either by suggesting that there are logical problems of 
translatability (e.g., Hull 1976) or by raising difficulties of practical reasoning 
which effectively, though not logically, block reduction (e.g., Wimsatt 1976). 
Diagrams, it might be argued for similar reasons, need not be eliminable, i.e., 
need not be reducible to sentences. Unfortunately, the reductionism literature 
has left unclear to what extent discrimination among such middle-of-the-road 
solutions turns on the logical or on the scientific difficulties. 

Another version of this middle-ground "yes-but" or "no-but" answer is to say 
that diagrams serve the same role as mechanical models in Duhem's conception 
of physics: the "broad, weak" mind of the English physicist seems to require 
mechanical models to construct physical accounts of intuitively remote 
phenomena like electromagnetic fields. But to the "narrow, deep" mind of the 
French or German physicist, who views physical theory as an abstract logical 
structure reached without detour, the English models are crutches that should be 
discarded once the underlying abstract logical structure has been grasped 
(Duhem 1954, Ch. 4). Models are the merest of means in Duhem's view, not the 
aim of theoretical work in physics. Indeed it is because of his distinction 
between two kinds of minds (and the fact that his is French) that Duhem can 
recognize mechanical models as eliminable. In a similar vein, diagrams may be 
necessary crutches for the English mind to construct the relevant set of sen- 
tences, but after the fact diagrams are (in principle) reducible to their proposi- 
tional content and hence equivalent to the relevant sentences. Thus the issue of 
eliminability is relativized to the two kinds of scientific minds and one's answer 
depends on which kind of mind one has. 

Johnson-Laird (1983), Larkin and Simon (1987), and others give arguments 
from congitive psychology to show that mental images are empirically distin- 
guishable from sentential representations and that the economy of thought 
resulting from the use of images is "computationally" significant even in cases 
where images and sentential representations are "informationally equivalent." 
These arguments do not usefully explore the logical status of diagrams, for they 
fail to adequately distinguish between diagrams and propositions. Larkin and 
Simon (1987, p. 82) distinguish between sentential and diagrammatic representa- 
tions in the mind by saying the former are sequential, linear representations that 
map one-to-one with sentences of natural language while diagrams index 
information by two dimensional "locations." Diagram components map one-to- 
one with "expressions." But even if two-dimensional indexing is a necessary 
condition for diagrams, this distinction is too quick: a further argument, turning 
on claims about the "density" of sentential and diagrammatic expressions in the 
relevant dimensions, is required to block the view that diagrams map one-to-one 
with sentences. 
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However, these psychological arguments do suggest that even if diagrams are 
logically eliminable in a formal reductionist sense they can nevertheless be 
heuristic in a strong sense as well: complex cognitive tasks often are not done 
(and some perhaps could not be done) without the use of images. The recent 
broad shift in philosophy of biology from propositional to heuristic perspectives, 
facilitated by the developments in cognitive psychology, also emphasizes 
procedural over propositional forms: 

It also important that these heuristics are conceived of as procedural rather than 
propositional in form, with an emphasis on the activity of using them and on the 
transformations which they produce. (The fact that they do produce transformations 
means that in many cases they can be studied propositionaUy, but, most importantly, 
there is no canonical need to do so. They are most fundamentally conceived of as 
tools for achieving given ends, and one can, for example, recognize that a diagram 
may be an effective means for communicating an idea, and be able to explain why this 
is so, without being able to analyze its propositional structure.) (Griesemer and 
Wimsatt 1989, p. 99) 

To sum up this survey of potential responses, there are four basic positions one 
could take in answer to the question whether diagrams must be eliminable: 

1. Dogmatic yes: diagrams are logically equivalent to some set of sentences 
that express the same propositional content. In the example above, this 
means that the diagram is superfluous and could be dispensed with by going 
to the equations directly. 

2. Dogmatic no: diagrams are not equivalent in informational content to any 
(finite) set of sentences, which follows from their being pictorial or quasi- 
pictorial in form, i.e., informationally dense or analog rather than informa- 
tionally sparse or digital, like sentences (see Goodman 1976, pp. 170-173; 
Goodman and Elgin 1988, pp. 126--131). In the example above, this means 
that although there is some sort of correspondence between diagram 
elements and terms of the equations, neither diagram nor equation can 
function as an adequate translation of the other. 

3. Weak generative: diagrams are convenient in scientific discovery or 
construction, but can be kicked away like Wittgenstein's ladder or Duhem's 
English models after their propositional content is understood. Although 
logically equivalent (in some as yet unexplicated sense of logical equiv- 
alence), the path diagram and the corresponding equations serve different 
functions in scientific discovery. But once the diagram has fulfilled its role 
in the construction of the equations it becomes superfluous for justification 
and further discovery. 

4. Strong generative: the use of diagrams in discovery or construction can add 
analytical powers to scientific methodology beyond those associated with 
sentential modes of representation, i.e., that while logically equivalent to 
some finite set of sentences, diagrams have continuing scientific value (see 
Nersessian 1988; Nickles 1989; Schank and Wimsatt 1987; Wimsatt 1986 
on generativity). Thus, even after path equations are constructed using the 
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path diagram as an aid, the diagram serves some continuing function or 
functions. In the example, Wright used the diagram in Figure 1 to compare 
Minot's two possible hypotheses, a problem over and above that of 
representing each and calculating the correlation between distant variables 
in terms of an intervening one in each case. Such comparisons facilitate 
further exploration of a causal system in ways that serve both justification - 
formulation of statistical tests of hypotheses about the system - and 
discovery - elaboration of the "fine structure" of the system and design of 
further experiments and observations. 

Firm yes or no answers (1 and 2) require clarification of the logical status of 
diagrams. I call these views dogmatic because, to be accepted at present, one 
would have to ignore their current lack of theoretical support (in the form of a 
theory of diagrams and pictures plus an explication of logical equivalence rich 
enough to account for diagram/sentence equivalences). The arguments from 
cognitive psychology support only the weakly generative rejection of "dogmatic 
yes," (3) showing at best that computational efficiency is gained by the use of 
images in thought, but lacking general arguments that such efficiency is required 
for successful scientific (as opposed to everyday) problem-solving and that 
diagrams are not "read" propositionally in thought. 

Wimsatt's extensive writings on heuristics in biological problem-solving 
suggest a stronger generative view is plausible (e.g., Wimsatt 1980). The strong 
generative view (4) supposes that some propositions are unlikely to be expressed 
at all without the use of diagrams and that the diagrams continue to be valuable 
even after such propositions are re-expressed in sentences. The utility of 
diagrams is not "used up" just because some propositions are re-expressed. If 
diagrams are informationally dense as Goodman argues, then there is always 
more one can say about or through them: no expressible set of propositions 
exhausts their content. In the case of path analysis, added analytical power 
results from the ability to represent, in a path diagram, ". . .  the combination of 
knowledge of the degrees of correlation among the variables in a system with 
such knowledge as may be possessed of the causal relations" (Wright 1921a, p. 
557, italics added). Thus, as knowledge of causal relations grows through 
scientific investigation, path diagrams may continue to serve their constructive 
and justificatory roles: robustness to a variety of tests and elaborations provides 
strong confirmation of a hypothesized causal structure. In the simple example 
above, more equations could be constructed than just that for the correlation 
between B and L, and as the complexity of the diagrams increases there is a 
dramatic increase in the number of consistent, expressible equations. A path 
diagram facilitates construction of a variety of systems of equations to address 
different scientific questions and the formulation of any one set does not 
typically exhaust the value of a given diagram. 



MUST SCIENTIFIC DIAGRAMS BE ELIMINABLE? 163 

II. PATH ANALYSIS 

Provine's intellectual biography of Sewall Wright thoroughly reviews Wright's 
development of path analysis (Provine 1986, especially, Ch. 5). Wright himself 
reviewed the method numerous times and Li gives a full textbook treatment, 
showing how the more widely known statistical methods of multiple and partial 
correlation and regression can be treated by path analytic means (e.g., Wright 
1921a, 1934, 1954, 1960, 1968, 1984; Li 1975). Irzik (1986) and Irzik and 
Meyer (1987) discuss path analysis from a philosophical point of view, giving 
an overview of the mathematics and showing how notions of statistical 
relevance, screening-off and the common cause principle are easily expressed in, 
and central to, path analysis. Wright (1934) is of special interest for its early 
discussion of the common cause principle in conjunction with statistical 
modeling. Cartwright (1989) discusses linear causal modeling, making a number 
of points about econometric models that apply to path analysis in biology as 
well. Woodward (1988) reviews regression analysis for philosophers. 

What Path Analysis Is For 

Path analysis is a method for quantitatively assessing the relative degree of 
causal influence of variables represented in a system of presumed causal 
interactions. Wright described the sorts of phenomena to which path analysis is 
suited in the context of a discussion of causality and the direction of time, noting 
that, 

There is frequently difficulty in complex cases in distinguishing lines of direct 
causation from correlations due to common causation but in principle the distinction is 
clear enough. Experimental intervention is possible only in the true lines of causation. 
(Wright 1934, p. 176) 

Wright continued, 

In the world of large scale events, certain patterns tend to recur. Certain recurrent 
successions of events come to be recognized, experimentally or otherwise, as lines of 
causation in the above sense. Different lines of this character may come together in a 
certain type of event or may diverge from one. In many cases a fairly adequate 
representation of the course of nature can be obtained by viewing it as a coarse 
network in which the "events" of interest are the deviations in the values of certain 
measurable quantities. A qualitative scheme depends on observation of sequences and 
experimental intervention. It is of interest to make such a scheme at least roughly 
quantitative in the sense of evaluating the relative importance of action along different 
paths. This was the primary purpose of the method of path coefficients. (ibid., 
pp. 176-177) 

The qualitative causal scheme, garnered f rom previously accepted theory, 
observation or experimental intervention, is expressed in a path diagram. The 
quantitative evaluation results from application of the method of path coeffi- 
cients to the causal structure implied by the diagram, taken as a causal 
hypothesis. 

Wright's focus on deviations in the values of measured quantities from the 
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mean of some focal population or system as the events of interest was crucial in 
the development of path analysis. It led him to recognize several important 
mathematical properties of causal systems described in terms of standardized 
variables which express the difference between measured variables and their 
means divided by their standard deviations. If we let ~g i and ~Yi stand for the 
mean and standard deviation of measured variable Vi, then the standardized 
variable X i is given by: 

x~ = (v~- P~)/o;. (2) 

Standardization abstracts from units of measurement, simplifying analysis and 
interpretation of systems of variables involving different units. For example, the 
mean of a standardized variable is always zero, E(X) = 0, and the variance is 
always unity, E(X 2) = 1. Standardization also facilitates comparison of the 
degree of causal determination of one variable by others in formally complete, 
linear, recursive systems. Similar considerations about properties of correlations, 
standard deviations, variances and covariances led R. A. Fisher and Wright to 
nearly simultaneous independent discovery of the partitioning of variance and 
covariance and the general class of statistical methods falling under the heading 
of"analysis of variance" (cf. Wright 1918; Fisher 1918). 

Path analysis has two major types of application, which Wright referred to as 
"direct" and "inverse." The inverse use, developed first, deduces path coeffi- 
cients from a system of measured correlations via solution of a system of 
simultaneous equations "read" from a path diagram (Wright 1921a, cf. Wright 
1984, p. 17). Wright's first work on this type of problem, in 1914, regarded 
correlations among bone measurements for a study of size inheritance in rabbits 
made by a fellow graduate student while Wright was at Harvard studying under 
William Castle. In this first development of the method, Wright did not use a 
path diagram and his expression for path coefficients differed from later 
treatments (see Provine 1986, pp. 133-134). The introduction of path analysis 
without diagrams appears to weigh in favor of the eliminability of the diagrams 
in even the scientific sense, but I argue against this interpretation below. 

Castle asked Wright and another student to analyze the rabbit data to deter- 
mine the extent to which overall size is caused by "general" or "special" size 
factors (see Provine 1986, pp. 77-80). Wright was dissatisfied with his applica- 
tion of Pearson's partial correlation method to such data because it merely 
described the statistical correlations among the component variables and did not 
facilitate analysis of the causal determination of one variable by others through 
diverse paths of influence. Wright's first mathematical efforts were thus focused 
on modifications to partial correlation analysis which would measure the degree 
of determination of a variable for each presumptive causal factor. 

The direct use deduces correlations among variables from given path 
coefficients and causal relations. Wright's most famous direct use involved 
calculating correlations among relatives and degrees of inbreeding from 
Mendelian theory and pedigree diagrams, which give, respectively, the path 



MUST SCIENTIFIC DIAGRAMS BE ELIMINABLE? 165 

coefficients and the relevant causal relations among relatives (for reviews see 
Wright 1968; Li 1975). Wright showed that extremely complex, irregular 
systems of inbreeding, such as the inbreeding historically practiced in the 
development of commercial breeds of short-horn cattle, could be easily under- 
stood by the method of path analysis (Wright 1921a, 1921b, 1923a). Complexity 
and irregularity in empirical systems of mating virtually necessitate the use of 
diagrams to formulate appropriate systems of simultaneous linear equations. At 
the time Wright worked out a general theory of inbreeding, no one had seen how 
to formulate, much less to solve, equations for irregular systems of mating and 
even complex regular systems were considered nearly intractable (Provine 1986, 
Ch. 5). Moreover, it seems unlikely that Wright would have discovered the 
general form of his theory of inbreeding without the simplifications in equation 
construction afforded by his diagrammatic method, although it is difficult to see 
how to argue such a point. 

Wright thus sought a statistical methodology which would incorporate what 
causal understanding one had, such as the deductions available from Mendel's 
theory, with quantitative correlational data based on measurements. Wright's 
introduction to the method in his famous essay, "Correlation and Causation," is 
quoted here in full: 

The ideal method of science is the study of the direct influence of one condition on 
another in experiments in which all other possible causes of variation are eliminated. 
Unfortunately, causes of variation often seem to be beyond control. In the biological 
sciences, especially, one often has to deal with a group of characteristics or conditions 
which are correlated because of a complex of interacting, uncontrollable, and often 
obscure causes. The degree of correlation between two variables can be calculated by 
well-known methods, but when it is found it gives merely the resultant of all 
connecting paths of influence. 

The present paper is an attempt to present a method of measuring the direct 
influence along each separate path in such a system and thus of finding the degree to 
which variation of a given effect is determined by each particular cause. The method 
depends on the combination of knowledge of the degrees of correlation among the 
variables in a system with such knowledge as may be possessed of the causal 
relations. In cases in which the causal relations are uncertain the method can be used 
to find the logical consequences of any particular hypothesis in regard to them. 
(Wright 1921a, p. 557) 

Unlike concrete regression, which uses unstandardized variables and ".. .  
gives the most probable value of one of the variables for given values of the 
others regardless of causal relations" (Wright 1921a, p. 575), (inverse) path 
analysis expresses measured correlations among variables in terms of unknown 
path coefficients on the basis of an a priori qualitative hypothesis of causal 
structure. 3 Standardization of variables in the context of a path diagram is a form 
of abstraction. It is this abstraction of causal hypothesis from quantitative model 
that gives analytical power to Wright's method and is the source of my claim 
that diagrams can be strongly generative in science: the abstract diagram 
facilitates causal investigation in part by ignoring the details of quantitative 
relations. Despite the abstraction, the correspondence between the mathematical 
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model and the diagram, which is preserved by diagrammatic construction of 
quantitative expressions from the qualitative structure, guarantees that examina- 
tion of causal structure can be followed up by quantitative analysis and 
hypothesis-testing. 

The goal of path analysis is interpretation of relative causal influence of all 
represented causes within a given system of causes by standardizing variables to 
make them unitless and hence comparable to one another with respect to the 
system in question. With standardization, even unmeasured variables can be 
represented and compared in a given system-context as Wright did in introduc- 
ing gamete variables into genetic path diagrams (Wright 1920, cf. Wright 1984). 
Thus, standardization makes path analysis abstract with respect to variables, but 
concrete with respect to systems (since path coefficients depend on the structure 
of the particular system for their values). 

Regression analysis is suited to the estimation or  prediction of the value of a 
particular cause which can be extrapolated across systems, but whose com- 
ponent paths of influence within a given system remain unknown: in their 
concrete, i.e., unstandardized, form variables behave the same regardless of the 
system of which they are taken to be part. Regression models are thus concrete 
with respect to variables and abstract with respect to systems. Thus, while 
regression estimates the influence of a cause ceteris paribus, via the device of 
the partial regression coefficient, path analysis assesses whole systems of causal 
relations under a particular causal model such that extrapolation across systems 
is not automatically warranted. 

Wright vehemently disagreed with positivist critics who rejected his distinc- 
tion between correlation and causation (e.g., Niles 1922; cf. Wright 1921a, 
1923b), but also with critics who supposed that causal structure could be 
deduced from correlational analysis (see Provine 1986; Wright 1984 mentions 
several such misconstruals of path analysis in the social sciences). In discussion 
of calls for the use of unstandardized rather than standardized coefficients, i.e., 
for "causal" regression analysis rather than path analysis, Wright notes that 
"What is called for here is a shift in the purpose of the method from evaluation 
of relative importance of causes (which requires standardization) to estimation 
based on a causal pattern" (Wright 1984, p. 30). Wright himself preferred to 
think of the two methods as different interpretive modes of a single approach to 
causal analysis rather than as alternatives (Wright 1960, p. 189), a view 
supported by the obvious complementarity of path analysis and regression with 
respect to abstraction and concretness as discussed above. 

How Path Analysis Works 

Two components are included under the term 'path analysis': Wright's mathe- 
matical method of path coefficients and his method of representing causal 
structure in path diagrams, in which direct causal paths as well as unanalyzed 
correlations and unknown causes ("residuals") are represented by arrows 
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connecting symbols for standardized variables. Irzik and Meyer describe 
Wright's method succinctly: 

Wright sketched a diagram relating the factors which might be causally relevant to the 
effect in question .. . .  Paths of possible causal influence were indicated by single- 
headed arrows; possible residual correlation between factors was indicated by two- 
headed arrows. Alongside each causal arrow Wright wrote the path coefficient, the 
measure of the strength of that influence. One can speak of such a diagram, along with 
the corresponding equation . . . . .  as a causal model: together they describe the 
hypothesized causal relations between the specified quantities. (Irzik and Meyer 1987, 
pp. 498-499) 

In the Appendix I describe the method of path coefficients and indicate how it is 
integrated with path diagrams. In the next section I discuss the conceptual role 
of the diagrams and argue against their eliminability in the strong generative 
sense described above. Part of the point of describing the method in detail is to 
impress upon the skeptical reader just how cumbersome and complex is the 
verbal description of the mathematical construction of path equations compared 
to following the simple rules for the diagrammatic construction of the same path 
equations. Here it will suffice to describe the notion of diagrammatic rules for 
equation construction. Important properties of path coefficients that facilitate 
diagrammatic construction are described in the Appendix. 

To read a path diagram and hence construct a path equation 
"diagrammatically," several rules must be followed. Basically, one constructs a 
path equation by accumulating path and correlation coefficients assigned to the 
single- and double-headed arrows occurring in a path diagram (see Figure A4 
for a path diagram with these elements). The accumulation is done by traversing 
the diagram according to rules for tracing the relevant, valid paths. 

First, once a traversal has been made in the direction of an arrow, no back- 
ward traversal of that segment is allowed - causal influences may only be 
counted once. Second, only one "unanalyzed" correlation, represented by a 
curved, double-headed arrow, may occur in a valid path while any number of 
traversals of "path steps" (single-headed arrows) may occur. Third, a path may 
not traverse a given variable more than once. The value of a compound path is 
the product of the component path coefficients, as illustrated in the example 
depicted in Figure 1 above for the path from B to L through F and the path from 
B to L through I. The total path coefficient from a given cause to a given effect 
is the sum of all the contributions of the component paths when there are 
multiple distinct paths. In the case depicted in Figure l, the total path coefficient 
from B to L happens to be the same as the correlation coefficient between them, 
while the total determination of L would include the contributions from the two 
unanalyzed "residual" variables describing the joint influence of all other causes 
acting on F and I (indicated by dots in Figure 1). In general, the correlation 
between two variables is the sum of all the values of the paths connecting them. 
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Why Path Diagrams Matter 

Several points about path analysis raised in the foregoing review (and Appen- 
dix) may erroneously suggest the eliminability of diagrams from the method.  
First, Wright developed the method of path coefficients from 1914 to around 
1920 without reference to diagrams and only then added the diagrammatic 
component in Wright (1920), so he must not have needed diagrams to devise the 
method itself. Perhaps Wright introduced diagrams as a pedagogic aid to 
presentation of his methodological work that then proved useful in clarifying 
and applying the method of path coefficients to empirical cases. But it does not 
follow from this that diagrams are not necessary for the application of the 
method in particular cases. Wright developed the method itself to handle rather 
simple systems and introduced path diagrams when he tackled much harder 
problems. If the method is general, covering the hard cases as well as the easy 
ones, then an argument that diagrams are not necessary for the easy cases fails 
to show that diagrams are not necessary for the method in its full generality. 

Second, the main calculational difference between path and regression 
analysis appears to be in the standardization of variables, a trivial procedure 
which, while important, does not appear to indicate any substantial difference 
(see also Notes 2 and 3). One can easily standardize variables and perform 
conventional regression analysis, but then the diagrams appear superfluous since 
they are not part of regression analysis. Although Wright argued that there are 
great conceptual differences between the two methods owing to standardization 
in path analysis, the ease of mathematical incorporation of standardized 
variables into conventional statistics seems to indicate that the conceptual 
difference fails to secure the ineliminability of the diagrams. While true, this 
observation fails to account for Wright's insistence on having an a priori causal 
hypothesis as a proper part of the model. Since the diagrams played a central 
role in Wright's conception of how to specify such models, the argument that 
diagrams do not matter to the mathematics (i.e., regression analysis) fails as an 
argument against their mattering to linear causal modeling. Differently put, the 
mathematical method of path coefficients is only one of two components of 
linear causal modeling; the other involves specification of a causal hypothesis, 
which Wright did through path diagrams. 

Third, path analysis does not add new mathematical results over what is 
possible by traditional statistical approaches. Li, for example, in reviewing the 
merits of path analysis, points out that, 

It is not that the method of path coefficients will yield new mathematical results that 
cannot be obtained by the conventional statistical methods. That could not be the case. 
Rather, a path diagram puts the right term in the right place of a framework so that 
other consequences may be read off immediately according to certain rules without 
resorting to longhand derivation. (Li 1975, p. 116, italics added) 

Indeed, much of the discussion above and in the Appendix is aimed at showing 
how sets of linear equations can be generated from path diagrams and then 
solved by conventional algebraic means. It would appear that path diagrams are 
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nothing more than an aid to mathematical thought and can be dispensed with 
once the relevant equations are generated. As with the previous argument, 
claims about the mathematics per se are not to the point. The lack of novelty in 
mathematical structure or results is insufficient to preclude the necessity of 
diagrams in causal analysis. 

Li 's  observation, moreover, appeals to the weakly generative solution to our 
central question, asserting the pragmatically reasonable position on the middle 
ground between the two dogmatic answers, dwelling as they do on either the 
logical eliminability of diagrams, in virtue of the in-principle solvability of 
linear causal modeling problems by "longhand derivation," or the practical 
ineliminability of diagrams, in virtue of the computational complexity of 
interesting cases. I think Li 's appeal to middle ground can be strengthened: path 
diagrams add analytical power to path analysis. 

In the first place, I have talked as if the presumed equivalence of the path 
diagram and a particular set of linear equations implied that the only purpose of 
a path diagram was to construct such a set, and hence that once the equations 
were produced the diagram would serve no further purpose. But it should be 
clear from the above discussion that it is not necessary to construct any equa- 
tions at all to solve quantitative calculation problems by means of path analysis. 
One can calculate by applying diagrammatic rules for accumulating terms to a 
path diagram for which path coefficients and/or correlations have been assigned 
on the basis of empirical measurement. Differently put, path diagrams can serve 
as an alternative to the construction of equations. 

My point is that the equivalence claim, if it cuts at all for objects as disparate 
as diagrams and equations (mathematical sentences), cuts both ways. Wright's 
demonstration that linear equations can be constructed from path diagrams and 
that conventional statistical analyses are special cases of his general method 
shows that the equations can be eliminated. If  Wright's methodological precept, 
that causal modeling without an explicit causal hypothesis is illegitimate, is 
accepted along with the weakly generative argument from psychological 
complexity, then the mathematical equivalence is so much the worse for the 
equations: they can be eliminated from causal modeling, but the diagram - 
expressing the causal hypothesis - cannot. This argument does not show that 
diagrams are ineliminable simpliciter, but rather that they are not eliminable in 
the absence of some alternative means of specifying causal hypothesis. The 
combination of points made here does lend credence to the ineliminability view, 
however. Weak generativity suggests that words fail us in stating causal 
structures for complex cases, and the fact that mathematics itself does no work 
in this regard suggests that no sentential alternative to diagrams is likely to be 
discovered. 

Indeed, for complex networks of causal variables, it may not be of biological 
interest to solve the entire system of implied equations anyway, even if they 
could be constructed by inspection without a diagram. In conventional statistics, 
all the equations in which a particular set of terms appear must be solved to 
answer biological questions regarding those terms, but since path analysis 
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represents causation in its basic c o m p o n e n t  steps not all paths through a given 
variable need be considered to address biologically interesting questions. Thus, 
one difference between path analysis using diagrams and linear causal modeling 
without diagrams concerns the character and specificity of causal structure in the 
model. 

In order to specify a causal structure by means of equations but without 
diagrams, some other meta-mathematical conventions must be introduced since 
mathematics is silent on the subject of causality. The standard convention is to 
write effect variables to one side of the equal sign and cause variables to the 
other (see Cartwright 1989, p. 18). Equations are coupled into mathematical 
systems in virtue of effect variables in some equations appearing as cause 
variables in others. In path analysis simple coupling of variables into causal 
chains and complex coupling, indicating correlations among linear functions that 
form a network, is explicitly and rigidly represented. In the simple case this is 
done by having input and output arrows connect variables in sequences. In the 
complex case coupling is represented by having multiple cause variables 
connect to overlapping sets of effect variables (see Wright 1968, pp. 308-311). 
Figure A4, for example, shows multiple causes impinging on variable X2, which 
in turn is one of several impinging on X e. A concrete example from population 
genetics is the coupling of maternal and paternal lines of causation, i.e., 
inbreeding, by common ancestors: the paths from maternal and paternal gametes 
to the zygote are causally coupled by lines from common ancestors to both 
parents and the degree of coupling is measured by Wright's coefficient of 
inbreeding, f. 

The representation of coupling in path diagrams is explicit in the sense that 
the demand for diagrammatic completeness (representation of all acting causes) 
requires that common causes or unanalyzed residual correlations 4 be included 
for all variables. In other words, since all causes that influence represented 
variables are also represented (either explicitly as variables depicted in the 
diagram or tacitly through unanalyzed correlations represented by double- 
headed arrows with no causes represented "upstream"), all couplings are also 
represented - even if not depicted - in a path diagram. 

The representation is rigid in the sense that a diagram lacking some connec- 
tions that another depicts or with connections rearranged is a d i f f e ren t  diagram 
that represents a different system. In contrast, the rules of algebraic manipula- 
tion do not include this convention: rearrangement of terms to re-represent 
effects as causes and vice versa  is algebraically permissible. And, although a 
rearranged equation is, strictly speaking, a different equation, the rules of 
algebraic manipulation lead us to (tacitly) assume that such equations have the 
same information content and therefore represent the same causal system. In 
other words, syntactical manipulations of algebra p e r  se are semantically neutral 
with respect to causal structure. 5 So, the question of eliminability of diagrams 
from path analysis comes to this: are the meta-mathematical constraints for 
writing equations "strong" enough to do all the work done by a path diagram? 
Can they, for example, be made sufficiently explicit in sentences that consistent 
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extension can be made to new hypotheses and tests? If so, then diagrams are 
eliminable in favor of sentences with a suitable semantics specified (i.e., with 
conventions for representation of variables appearing in equations to mean 
causes or effects). 

Path diagrams do function as calculational constraints that are not contained 
in the algebra of path coefficients; the method of path diagrams is a conceptually 
distinct component of path analysis. There is nothing in statistics p e r  se, or in 
the symmetrical Pearsonian correlation coefficient between variables X and Y 
that constraints us to put the path X ~ Y rather than Y ~ X in a diagram. There 
is, however, a difference between algebraic and diagrammatic calculation. Once 
a set of causal relations is indicated, there is a constraint against the sort of 
rearrangement of path diagrams that is common in algebraic manipulation: there 
are no rules of diagram transformation in path analysis which say that X ~ Y 
and Y --~ X are equally sensible, no rules which permit the alteration of a 
diagram (with corresponding alteration of path coefficients) to yield a new 
diagram which can be considered "equivalent" to the first. A diagram that has 
been rearranged is, to repeat, simply a different diagram. 

Even if this distinction between the role of diagrams and equational forms as 
calculational constraints seems uncompelling, consider that the argument 
distinguishing them assumes a notion of"equivalence" of diagrams and equation 
sets. There are, however, cases where the relevant sense of equivalence fails. 
One of Wright's examples, summarized by Li, will serve to illustrate the point 
(see Li 1975, pp. 166-168). The two path diagrams in Figure 2 are each 
consistent with the following correlational data for variables A, B, and S: Let o~] 
= 02  = 02 = and rAB = O. 

A 

S 

A 
- ~ 

rAS .707 ~ B 

Fig. 2. Path diagrams indicating the possibility of alternative causal schemes consistent 
with the same correlational data (after Li 1975, Fig. 167). 
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Set S = A + B, with variance 2c~ 2. It follows that rSA = rSB = 1/'x/2 = 0.7071 
(see Li 1975, p. 166 for derivation). The path diagram on the left of Figure 2 
corresponds to this model. However, the alternative model of B = S - A, with 
different path coefficients, is also consistent with the assumed data as shown in 
the path diagram on the right of Figure 2. In other words, once a given path 
diagram is selected, some path equations are admissible and others, consistent 
with the data, are not. However, a given set o f  equations for correlations may be 
consistent with more than one diagram. Thus, from the point of view of 
symmetrical correlation equations, the two diagrams are equivalent in the sense 
that they describe the same data, they represent the same propositions regarding 
rAS and rBS, and B = S - A is algebraically just a rearrangement of S = A + B. 6 
But the two diagrams are not topologically equivalent: none of the paths are 
shared between the diagrams and even when the same pairs of variables are 
connected in each the arrows point in opposite directions. Moreover, since the 
component paths are all different, so are all of the path coefficients. Thus 
accepted path diagrams can constrain acceptable equations whereas accepted 
equations may not constrain diagrams. 

Other telling cases concern common causes. If  X and Y are both caused by C, 
both regression equations, for Y as a function of X and X as a function of Y, 
would appear "causal" in virtue of the asymmetry of regression relations, but 
one suggests that X causes Y and the other that Y causes X. In path analysis 
neither causal relation is implicit in doing any calculations of statistical relation- 
ship between X and Y. I f  C is disregarded in the analysis, then the relation 
between X and Y is expressed as an unanalyzed, symmetrical correlation. I f  C is 
included, then two causal relations are recognized and neither runs between X 
and Y. The important point is that the diagram takes care of expressing causal 
relationships separately from the mathematical analysis of quantitative relation- 
ships. In path analysis, the diagram limits what it is sensible to calculate in two 
ways: (1) the asymmetry of the diagram imposes a causal hypothesis that is 
directly interpreted as causal; and (2) the absence of rules of  diagram-equiv- 
alence transformations implies that diagrams that look different are different. 

The central distinction between path analysis and forms of linear "causal" 
modeling not employing diagrams is that the use of diagrams abstracts the 
method of specifying causal structure from the mathematical means of analyzing 
causal determination quantitatively. Diagram construction and diagrammatic 
calculation are based on meta-mathematical rules that impose strong constraints 
on causal inference and confirmation. The (tacit) prohibition against rearrange- 
ments of diagrams, presumably to rule out change of causal hypothesis prior to 
evaluation of the quantitative evidence, enforces rigor in scrutiny of causal 
hypotheses and demands commitment to a particular causal hypothesis as the 
subject of inquiry. This imposition of rigor about causal structure through 
diagrams has the side effect of  making path analysis more powerful than 
causally indiscriminate statistical methods lacking such devices: additional 
hypotheses can be formulated on the basis of a specified causal model and the 
investigator can be confident that the same model generated the additional 
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hypotheses. Path diagrams, as causal constraints on models, are strongly 
generative in that they provide a fixed point in causal reasoning for purposes of  
both discovery and justification which cannot lightly be given up: abandonment 
of  a path diagram requires abandonment of  the implied system of  causal 
relations as well as equations. 

Differently put, making path diagrams involves research commitments to 
particular causal hypotheses: drawing a picture is making a commitment to 
accept a causal structure for the sake of  argument. In the case of  prediction via 
regression analysis, such a commitment to a particular causal structure appears 
foolish, since the optimum prediction equation may well require rearranging 
"causes" and "effect." Only a weaker commitment to study a particular set of  
variables and to accept functional constraints on their relations is implied by 
writing down equations. In path analysis, the goal is the quantification of  causal 
influence in systems where something may already be known, believed, or 
accepted on the basis of  prior theory about, experiment on and observation of  
causal relations. It is the very essence of  such an analytical approach to pick a 
causal system and then study it. Diagrams are strongly generative in that they 
provide means for identifying such causal systems and then for building a 
system of  interpretation for understanding. The generativity of  a method is 
proportional to the degree to which the system of interpretation depends more 
strongly on these early research commitments in comparison with later ones. 

NOTES 

I wish to thank Michael Ruse and Peter Taylor for helpful comment on the manuscript. 
2 I do not wish to judge whether the term 'causal' is apposite, but a remark is in order 
here to forestall a common judgment of the method of path analysis. 'Linear causal 
modeling' is a standard term in this branch of statistics, and while presumptuous in the 
philosophical sense, use of causal language does mark an important distinction among 
statistical concepts. As I try to indicate in Note 3 and in the Appendix, it is the distinction 
between Wright's methods and "standard" (Pearsonian) regression techniques that is at 
issue. The common dismissal of path analysis as nothing more than regression analysis 
on standardized variables ignores the important conceptual role of the causal hypothesis 
made explicit in a path diagram which is lacking in standard regression analysis. Indeed, 
Li (1975) has shown that regression analysis is nothing more than a special case of path 
analysis. 
3 The nature of causal analysis using statistical tools has been as controversial in 
statistics as it has been in recent philosophy of science. A central issue concerns Wright's 
requirement that variables be standardized and his insistence that standardization plays a 
key role in causal interpretation. Regression analysis, with unstandardized variables, is 
often taken to be an alternative causal analysis to Wright's path analysis (see Tukey 
1954; Turner and Stevens 1959; cf. Wright 1960, 1984, pp. 30-31). "Concrete" 
regression analysis - with units, as opposed to Wright's unitless "abstract" analysis - 
"introduces" so-called causal asymmetry by leaving variables unstandardized such that 
the coefficient of regression of variable X on variable Y, b_,  is not typically equal to that 
of Y on X, byx, since in general the term which appears in ~e  denominator of the former, 

2 2 , ,  , ,  (~. , is not equal to that of the latter, (Y_. In contrast, path analysis introduces causal y .x 
asymmetry by explicit introduction of an asymmetrical, linear causal hypothesis in the 
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form of a path diagram with unidirectional causal arrows. Statistics textbooks sometimes 
call linear regression a causal analysis simply because it is asymmetrical with respect to 
dependent and independent variables and to contrast it with correlation analysis, which is 
symmetrical with respect to both variables since it includes terms in t~ x and Oy in the 
denominator. Needless to say, not all asymmetrical relations are causal: asymmetry is at 
best a necessary condition, not a sufficient condition, for causality and there are many 
philosophers who might doubt even this much on grounds that causation must include 
cases of simultaneous, reciprocal causation. Causal asymmetry is introduced into models 
by means of a priori causal hypotheses: tacitly in regression analysis by which variable is 
written as the dependent variable, explicitly in path analysis by means of a path diagram. 
4 These are the fractions of the total correlation between explicitly represented variables 
that are "left over" after the part due to other, explicitly represented variables is 
accounted for. 
5 In statistics, for values of X and values of Y, bxy and by x are equally sensible to 
calculate as far as the mathematics is concerned. The rearrangement of terms such that X 
is on the left and Y is on the right of the equals sign by itself does not imply a change in 
causal interpretation of variables: the conventions which distinguish X's and Y's must be 
meta-mathematical. 
6 It appears that A and B are represented as correlated in the diagram on the fight and not 
on the left, so that there are correlations expressible in one diagram that are not in the 
other, but this is an artifact of Li's incomplete specification of the diagrams in this 
illustration. Strictly speaking, even though A and B completely determine S, they should 
be represented as correlated in the diagram on the left, with rAB = O. 
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APPENDIX 

The method of path coefficients assigns coefficients to express linear functional 
relationships between causal variables and variables whose deviations are to be 
explained (which may in turn function as causal variables for others in a 
complex network). Variables and coefficients are standardized. Suppose V e, is 
an 'effect '  variable whose value is, by hypothesis, caused by variables V 1, V 2, 
. . . .  V n, V u, where the V i for i = (1 . . . . .  n), and Vu, are additive and independent 
of one another. The V e can be expressed as: 

V e = y~ (ceiVi) + ceuV u, (A1) 

where the Cei'S are coefficients of linear regression and V u is a variable standing 
for the influence of all remaining, unknown causes. From the definition of 
standardized variables (2) and (A1) it follows that: 

x e = x + p dG (A2) 

where Peu = r ((Ii[(Ie) is the standardized regression coefficient from X i to X e, 
which Wright called the path coefficient (see Irzik and Meyer 1987, p. 497; Li 
1975, Ch. 5; or Wright 1921a, 1934, 1960, 1968). The treatment here follows 
Wright (1960, p. 192). I f  X u is interpreted as an uncorrelated error term and 
there are no complex paths such that each coefficient describes a complete path 
between cause and effect, the linear relation expressed in (A1) can be interpreted 
as a multiple regression equation with coefficients bei = r 2, i.e., the 
covariance between X e a n d  X i divided by the variance in X i (see Wright 1960, p. 
192; cf. Li 1975, p. 60). Note also that in the case of such simple paths, path 
coefficients are equivalent to correlation coefficients and the causal asymmetry 
is represented solely by the diagram. 

Non-zero path coefficients from more than one X i to X e indicate that these X i 
all partially determine X e. The lack of direct connection between X u a n d  a n y  X i, 
along with the rules for reading diagrams, indicate that X u and the X i are 
uncorrelated. Moreover, the paths from all the represented causal variables, X i 
plus X u, completely determine X e. These relationships are depicted in Figure A1 
for a hypothetical set of causal relations. 

Not all traversals along arrows in a path diagram count as paths (see Li 1975, 
pp. 161-165). There are several rules for "reading," i.e., tracing valid paths in, 
diagrams which correspond to algebraic manipulations of equations. F i r s t ,  once 
a traversal has been made "forward" along a path, traversal backward against the 
direction indicated by a single-headed arrow is not allowed. Hence, the exist- 
ence of paths from X 1 to X e and X 2 to X e in Figure A1 does not constitute a path 
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between X 1 and X 2. Second ,  multiple "path steps," i.e., traversals along single- 
headed arrows, but not more than one correlation step, i.e. along double-headed 
arrows, may be included in any connecting path. Hence, the existence of a 
correlation r12 between X 1 and X 2 and r23 between X 2 and X 3, in Figure A2 does 
not imply the existence of a correlation, r13 , and hence a path between X 1 and X 3 
(Li 1975, pp. 120-121). Third ,  a path may not traverse a given variable more 
than once. 

Wright suggested that unless there is reason to believe otherwise all causal 
factors represented as "ultimate," i.e., factors not represented as themselves 
caused, should be treated as correlated to indicate the possibility of additional, 
unanalyzed causal factors distal to those represented in a path diagram (e.g., all 
factors other than X e and excluding X u in Figure A1). Unanalyzed correlations 
representing relationships among variables not resolved into connecting causal 
paths are indicated in path diagrams by means of two-headed, curved arrows 
connecting the variables. The residual variable, Xu, is taken to be uncorrelated 
with the other directly causal factors, though it may be correlated with more 
distal causes. The corresponding correlation coefficients are indicated as rij 
(= rji ) as in the example of  simple multiple regression depicted in Figure A3. 

Several fundamental relationships among variables can be constructed from a 
path diagram. First, the value of a compound path is equal to the product of its 
component path coefficients, where the components are determined by tracing a 
path on the diagram following the rules mentioned above. So, in Figure A4, if 
variable X e has X 1 as  a cause with path coefficient Pel and X 1 in tum has X 3 as a 
cause with path coefficient P13, then X e has X 3 as a cause with path coefficient pe 3 
= PelP13" The product is constructed diagrammatically by tracing from the effect 
variable to the causal variable through each valid path and collecting component 
terms. Compound paths may involve unanalyzed correlations, rij, as well. Thus 
X 1 in Figure A3 influences X e through two component paths: a direct path from 
X 1 to X e measured by Pel,  and an indirect path involving an nnanalyzed correla- 
tion between two causes from X 1 to X 2 to X e measured by Pe2r21. 

Second, there can be multiple distinct paths from a cause to a given effect 
analyzable by path analysis; the total path coefficient is the sum of the contribu- 
tions of the component paths. Causal variables can, in other words, form 
complex networks in addition to the simple multiple regression patterns 
indicated in Figures A1, A2 and A3. Path analysis deals with all possible 
patterns of linear relationship among variables (Li 1975, p. 137). In Figure A4, 
X 3 has three component paths to X e, one through X 1 and two through X 2, and 
following the sum rule, the relation between X 3 and X e is Pe = PelPI3 + Pe2P23 + 
Pe2P24r43 . Multiple component paths contribute to the correlation between two 
variables. X 1 in Figure A4, for example, has two indirect Compound paths 
contributing to its correlation with X e in addition to a direct path: one via X 2, X 4 
and X 3 with value Pe2P24r43 P13, the other via X 2 and X 3 with value Pe2P23P13" 

Third, the correlation between two represented variables is equal to the sum 
of the values of all paths connecting them (Li 1975, pp. 114, 145). For example, 
the correlation between X e and X 1 in Figure A3 is: 
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rel = Pel + Pe2Per21 (A3) 

and the correlation between X e and X 1 in Figure A4 is: 

re1 = Pel + Pe2P24r34 P13 + Pe2P23P13" (A4) 
Thus the correlation between X e and another variable Xq can be written, 
following Wright (1934, p. 163), as: 

r ei = ZP eir iq. (A5) 

Fourth, the extent of determination of a variably by another, re], is represented 
by all the round trips back from the latter after tracing a path to the former. In 
Figure A3 and equation (A3), for example, there are two paths from X 1 to X e. To 
construct these, one first traverses to X 1 and then traces all the paths from X 1 
back to X e. The  (partial) determination o f X  e by X 1 is thus given by: re] = Pe1(Pel 
+Pc2 r12)=p2+pe2r12Pel (see Li 1975, p. 117). The simplicity of these 
diagrammatic construction rules can be seen by studying Wright's algebraic 
derivations showing the mathematical equivalence of his method and the 
classical statistics of standardized variables. 

By including the standardized residual variable, X u, in a path diagram and by 
representing potential correlations among all the ultimate variables, each 
represented variable is either completely determined by other represented 
variables or is an ultimate variable represented as correlated with other ultimate 
variables. Such path diagrams are thus formally complete in the sense that all 
causes in the universe with any influence on variables of interest are represented 
by some device in the diagram. Complete determination in statistical systems is 
usually indicated mathematically by the decomposition of the variance of an 
effect variable into a sum of variance components. The degree to which one 
causal variable determines an effect variable is commonly measured by the 
squared correlation coefficient between them (r2). In the case of complete 
determination, r 2 = 1. In path analysis, complete determination is indicated in an 
"equation of complete determination" (Li 1975, p. 108), which expresses a sum 
of squared path coefficients. For the simple system in Figure A1 with uncorre- 
lated ultimate variables and taking i to range over 1 to n plus u, this equation 
would be: 

Zpe ~ = 1. (A6) 

Squared path coefficients, like squared correlation coefficients, measure the 
fraction of the variance in X e that can be accounted for by variance in a causal 
variable, and thus are coefficients of determination (Li 1975, p. 106). 

Generalizing to Wright's preferred representation with correlated ultimate 
variables, the complete determination of a given variable, substituting e 's  for o 's  
in Wright's notation, r2ee, is thus the sum of the values of all the round trips for 
all the determining variables, including the residual variable(s). In Figure A3, 
there are five round trips that can be taken; including them all specifies the 
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complete determination o f X  e in terms of the represented variables. There is one 
round trip from X e to X u and back, one from X e to X 1 and back, one from X e to 
X 2 and back, one from X e to X 1 to X 2 to Xe, and one from X e to X 2 to X 1 to X e. 
This complete determination can be expressed, with i ranging over residuals as 
well as the n specified variables, as 

re2e = 1 = Z pe2i + 2 Z PeiPejrij. (A7) 

Completeness permits evaluation of the degree of determination of a given 
variable by each contributing cause and each component causal pathway 
represented in the diagram. Models in which the residual variables are uncorre- 
lated and there are no reciprocal causal connections among pairs of variables are 
called recursive (Irzik 1986, p. 13). Wright discusses ways to handle reciprocal 
interactions among variables, but most of the systems he investigated empiri- 
cally did not include them (see Wright 1968 for review). Recursive linear path 
models are identifiable, i.e., given enough data the model parameters can always 
be estimated, and decomposable ,  component paths within a larger diagram can 
be analyzed as complete path diagrams (see Irzik 1986; Li 1975; see also 
Cartwright 1989). 

Pe2 ") x 2 > x 
Pei ... . . . . . . . . . .~ e 

X n ~ 

Fig. A1. Path diagram for n independent causes plus an uncorrelated "residual" variable 
X u (after Li 1975, Fig. 107). 
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r12 

r23 

Pe2 "~  x 2 > x 

X 3 

Fig. A2. Path diagram for correlated causes showing that existence of correlations 
between X 1 and X 2 and between X 2 and X 3 does not entail a path between X 1 and X 3 (after 

Li 1975, Fig. 162). 

r12 

X u 

X 2 ) X c 

Fig. A3. Basic path diagram representing multiple regression (after Li 1975, Fig. 113). 

q4 P~ • ~2 ) x 

Xw f P2w 

Fig. A4. Path diagram representing chains of causes and indirect paths (after Wright 
1960, Fig. 2). 


