
Eur. J .  Biochem. 168, 543 (1987). injecting mu-TNF-a into mice, K. Andow for art, 
21. B. A. White and F. C. Bancroft, J. Biol. Chem. 257, and J. Arch for the manuscript preparation. Recorn- 

8569 (1982). binant human IFN-aA and IFN-P were from B. 
22. We thank the Manufacturing Group at Genentech Aggarwal, and purified natural interleukin-6 (IL-6) 

for providing recombinant human TNF-a and -P, (20) was a gift from J .  Van Damme. 
IFN-y and TGF-P, and murine TNF-a, P. Jhurani 
and P. Ng for synthetic DNA, P. Gribling for 18 May 1988; accepted 20 September 1988 

Toward a Universal Law of Generalization 

When sentient organisms make decisions 
about how to react to novel stimuli or 
situations, they may do so in accordance 
with consequences associated with previous- 
ly learned stimuli or situations. Thus, the 
probability that a novel stimulus is located 
perceptually in a consequential region is 
important in determining the subsequent 
behavior of the organism. A generalization 
experiment gives the probability that a re- 
sponse learned to stimulus Si will be made 
to stimulus Sj Shepard (1) proposed the 
basis for a law of generalization that involves 
two central ideas: first, that the probability 
that a response learned to stimulus Si will be 
made to stimulus Sj is approximately a nega- 
tive exponential function of the distance 
between the stimuli in a space of a certain 
dimensionality; second, that the metric used 
to define this distance will be Euclidean 
when the psychological dimensions are cor- 
related and city block when they are not. 
Some of the examples used by Shepard (1) 
involved similarity, rather than generaliza- 
tion, and he noted that both probabilities 
arise from the same basic process. As pre- 
sented, Shepard's theory applies only to 
experiments in which generalization is test- 
ed immediately after a single learning trial 
with a novel stimulus. The need to invoke 
this limitation results from the fact that, 
with highly similar stimuli or with delayed 
test stimuli, the relation between similarity 
and distance has been found to be Gaussian 
in form, and the distance metric appears to 
be ~ u c l i d e k  for cases in which the theory 
would predict city block. The work of No- 
sofsky (2) exemplifies this kind of result. 
Shepard conjectured that perceptual "noise" 
contributed in some way to these departures 
from theory but, since he did not have a 
formal model for dealing with these cases, 
he treated them as exceptions. 

This self-imposed limitation on Shepard's 
theory can be removed by treating the men- 
tal representations of learned and novel 
stimuli (in generalization experiments) or 
pairs of stimuli (when estimating similarity) 

as momentary values from multivariate nor- 
mal distributions (3). In other words, one 
can formulate Shepard's theory in stochastic 
terms. If d is the distance between the 
momentary psychological magnitudes and 
g(d) = exp(-d") is a measure of similarity, 
then E(g) (4) is the expected value of the 
similarity measure. This model was evaluat- 
ed in two dimensions when the perceptual 
dimensions are uncorrelated and, consistent 
with Shepard's theory, g is a negative expo- 
nential function (a = 1) of city block dis- 
tance, d. The evaluation revealed that the 
relation between E(g) and the distance be- 
tween the means of the distributions of 
psychological magnitudes (6) is best de- 
scribed as a modified Gaussian function of 
Euclidean 6. This result is consistent with 
Nosofsky's results (2) and with several ex- 
ceptions to Shepard's theory (1). The theory 
as originally discussed by Shepard regarding 
generalization and similarity was applicable 
when perceptual "noise" was absent; this 
extension allows for the possibility of a 
certain kind of noise (multivariate normal) 
and consequently extends Shepard's theory 
to include pairs of perceptually confusable 
objects. 
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exp (-0.5(z - p)'  V-I (Z - p)} 
( 2 ~ ) " ' ~  1v1"~ dzldz2 . . . dz. 

where V is the variance-covariance matrix of the 
difference between psychological values, z; p is a 
vector of differences between the means of the 
momentary psychological values, p, and p ,  
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Response: I welcome Emis's demonstra- 
tion that my recent theory of generalization 
(1) can be reconciled with Nosofsky's (2) 
impressive body of data on human perform- 
ance in identification tasks. Results obtained 
by Ennis, by Nosofsky, and by me now 
appear consistent with the following theo- 
retical characterization. In Nosofslq's iden- 
tification experiments, subjects are primarily 
uncertain about the precise locations of indi- 
vidual stimuli in "psychological space." In 
the generalization experiments I considered, 
subjects are primarily uncertain about the 
location, size, and shape of the region of 
psychological space corresponding to the set 
of stimuli having the same important conse- 
quence as a given training stimulus. 

Some of my own earlier results (3) had 
suggested, and Ennis has now more fully 
and rigorously demonstrated (4), how my 
theory of generalization can be extended to 
accommodate uncertainty about the loca- 
tions of stimuli. The generalization theory 
then yields response probabilities that faU off 
in an approximately Gaussian manner with 
Euclidean distance from the training stimu- 
lus-the result empirically obtained by No- 
sofsky (2). When the uncertainty is primarily 
about the disposition of the consequential 
region, however, probability of response 
falls off, as I originally deduced (I), in close 
approximation to an exponential decay func- 
tion of distances of either the Euclidian or 
"city block" varietiesdepending on wheth- 
er the subject assumes that the possible 
extensions of the consequential region along 
the underlying dimensions of the space are 
correlated or uncorrelated. 

Clearly, my theory of generalization need 
not entail an exponential decay of response 
probability with distance under every condi- 
tion. The exponential generalization func- 
tion is a candidate for a "universal" psycho- 
logical law in the sense only that the effects 
of any consequences associated with thejrst 
encounter with a novel stimulus may de- 
crease exponentially with distance for all 
sentient organisms-wherever they may 
have evolved. 
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