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TO: Chief of Naval Research , Arlington , Virginia 22217

Attention : Engineering Psychology Program s, Code 455,

Drs. M. A. Tolcott and J. J. O’Hare

FROM : Dr. John A. Swets

Bolt Beranek and Newman Inc.,

C a m b r i d g e , M a s s a c h u s e t t s  02138

SUBJECT : Final report of work completed under the support of

Contract N0O’)14—76—C—0893, Work Un it NR 196— 145 ,

between Bol t Berane k and Newman Inc . and the

Engi neer ing Psychology Programs , Office of Naval

Research.

I. This constitutes a final renort of work completed under the
support of Contract N00014—7 6—C— 0893, Work Unit NR 196— 145 ,
between Bolt Berane k and Newman Inc. and the En gineer ing
Psychology Programs , Cffice of Naval Research . The contract
was initiated 1 June 1976 and was terminated 31 August 1979.

II. The objective of this contract was to conduct research on
p e r c e p t u a l  and d e c i s i o n  processes i n v o l v e d  in the detection ,
identification , and scaling of complex visual patterns , w ith
em phasis on tem poral aspects of the patterns and processes .
Dur ing the three and one—quarter years of the project , five
BBN t e c h n i c a l  reports were prepare d and d istrib uted , each
descr ibing a substantial experiment or set of ex per iments;
all five have been or will be published in the archival
literature . A book chapter not distributed as a BBN
technical report was also prepared. A bibliography of these
reports is appended . Also appended is a list of individuals
who have been associated with the project.

III. The research is described here by means of abstracts of the
five technical reports and the book chapter. A concluding
abstract , prepared for an international congress , summarizes
the main part of’ the work done under the contract .
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1 . Signal Detection and Identification at Successive
Stages of Observation

The relationship of signal identification to signal
d e t e c t i o n  was e x a m i n e d  in a s e r i e s  of e x p e r i m e n t s .  The
signals were ideal ized lines an d patterns of lines in a
spectrographic display. On each trial , pro gress ivel y
more of the com plete spectrogram was exposed in
success ive o b s e r v a t i o n  i n t e rv a l s  an d the ob server  ma de
both detec t ion  an d id en ti f ica ti on res pons es a f t e r  each
interval that were based on the accumulatin g ev idence .
One model em ployed conceives of detect ion and
Identification as proceedin g together over time as
parts of a unified process. A second model employed
shows how the joint detection—and—identification
ROC —— a Relative Operating Characteristic that relates
EE~ joint probability of correct detection and correct
identification to the probability of a false
detection —— may be predicted from the simple detection
ROC. Both models were supported by the data .

(Technical Report 3535; published in Perception &
Psychophysics , 1978, 23(4), 275 289.)

2. Identification and Scaling of Complex Visual Fatterns

Experiments were conducted to examine the detection and
identification of complex visual patterns , representing
v arious un derwater sound s, in term s of stimulus
dimensions indicated by a psychological scaling
analys is of similarity judgments . Psychological
dimen s ions di f f e r e d som e w h a t  between na ive an d
ex perienced observers , and between visual and auditor y
representations , but high correlations with physical
di mens ions were found in all cases. A second
objective of the stud y was to relate iden ti ficat ion to
detect ion , over success ive stages of relatively long
signals. The ROC analysis developed for detection of
s i g n a l s  in ran dom no ise was appl ied to di scr im ination
of wanted and unwanted signals. The analysis of
st i m u l u s  d i m e n s i o n s  enab l ed  q u a l i t a t i v e  p r e d i c t i on s  of
the  r e l a t i v e  levels  of detection and ident ifica ’ ion for
different sets of wanted and unwanted signals. The
“j o i n t ”  ROC , based on the probabi lity of correct
d e t e c t i o n  and i d e n t i f i c a t i o n, p r o v i d e d  q u a n t i t a t i v e
benchmar ks ?~~ these predictions .

(Technical Report 3536; combined with Technical Report
3719 for publication as “On the predictio n of
confusion matr ices from similarity judgments ,”
Perception & Psychophysics , 1979, 26 (1), 1— 19.)
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3. on The Prediction of Confusion Matr ices from Similarity
~ti~dgments

This study of human identification of complex visua l
stimuli is a step toward an integrated description of
th e perceptual process where by stimul i are represen ted
psychologica lly and the dec ision process that makes use
of this stimulus represen tat ion in select in g an
identification response . A multidimensional scaling
procedur e was appl ied  to j u d g m e n t s  of s t i m u l u s
s i m i l a r i t y  to derive the dimensions of a perceptual
space and the r e l a t i v e  loci of s t i m u l i  in t h a t  space ,
and a p r o b a b i l i s t i c  d e c i s i o n  model  based on w e i g h t e d
interstimulus distances was developed to predict the
confusion matrices in various identification tasks .
The high accuracy of the pre di cti ons suppli es a stron g
val id at ion of the use of mult idimens io nal scal ing
procedures to rev eal percept ual struc ture , in
demonstrating the ability of that structure to acccount
for behavior in an independent task. From the other
point of view , the empirical success of this approach
suggests a relativel y sim ple an d prac tic al means of
predicting , and possibly enhancing , identification
performance for a given ensem b le of v isual or audit ory
stimuli.

(T e c h n i c a l  Report  37 19; p u b l i s h e d  in P e r c e p t i o n  &
F Psychophysics , 1979, 26 ( 1 ) , 1— 1 9. ) 

—

4. The Observer ’s Use of Perceptual Dimensions in Signal
fl~ n t I t i cat ion

We exam ine a model of the process of stimulus
i d e n t i f i c a t i o n , w h i c h  assumes t h a t  complex  v i s u a l  or
a u d i t o r y  s t i m u l i  are r epresen ted  as vec to r s  in a
m u l t i d i m e n s i o n a l  pe r cep tua l  space , and w h i c h  postula tes
a sim ple p r o b a b i l i s t i c  dec i s ion  process based on the
geometr ic  s t r u c t u r e  of the p e r c e p t u a l  space . We

• present  ev idence  from severa l  c o n d i t i o n s  of an
identification task that human observers engag e in a
c o n t i n u i n g , dyn amic  process in wh ich dimens ion sal ience
weights are tuned to optimize identification
performance. In addition , we verify the reliability of
the INDSCAL mult idimensional scaling procedure In
deriving the geometric structure of the observers ’
perceptual space for the set of visual spectrogram s
used in our identification tasks. We also present
ev idence supporting an assumption of dimensional
decomposability made in the decision process. Finally,
we observe that the model Is successful in accounting
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for approximately 90 percent of the variance in
Individual confusion matrices , averaged over 18
observers x conditions .

(Technical Report 3930; to appear in Attention and
Perfo rmance VIII , R. S. Nickerson (ed.) Hillsdale ,
N. J.: Lawren ce Erlbaum Associates , in press.)

5. Identification of C o n f u s i b l e  C u r v i l i n e a r  Shapes :
Prediction of Individual Confusion Matrices

Identification confusion matrices were obtained from
th ree observers for a set of nine closed , curvilinear
shapes . These stimuli , biological in appearance ,
varied along two nonverba lizable physical dimensions
related to the angles of rotation of two of six
un derlying component forms. Two perceptual dimensions ,
each linearly related to one of the two physical
dimens ions , were derived from multidimensional scaling
of pair—wise similarity judgments. Using this derived
perceptual space and a probabilistic decision model , we
were ab le  to accoun t  for  95 percent of the variance in
individual observer ’s confusion matrices.

(To appear as Technical Report 4196; to be submitted to
Perception & Psychophysics. )

6. Perceptual Spaces Revealed ~~ Multidimensional Scaling
Procedures

The develo pmen t of mul tidi mens ional scal ing (MDS )
proced ures In recen t years has allo wed us to pursue the
concept that a com plex audit ory or v isual stimulus can
be represented psychologically as a point in a
multi dimensional perceptual space. In this paper we
review the literature which has applied MDS procedures
to sim ilarity judgments and to identification confusion
matr ices to ob ta in informat ion both about the set of
dimens ions un derl yi ng perce ption of a set of com plex
s t imu l i  in the m u l t i d i m e n s i o n a l  space . We also r a i s e
the question , what shoul d we requ ire of a
m u l t i d i m e n s i o n a l  r e p r e s e n t a t i o n  to cons ider  it v a l i d ?
We suggest one cr iterion -— predi ct ion of i ndependen t
data —— and p resen t  a model  and two sets of data which
i l l u s t r a t e  the p o i n t .

(To appear in “Au ditoj~y an d Visual Pattern Recognition ,
D. J. Getty and J. H . R ~

’ward , Jr. (eds.) Hillsdale ,
N. J.: Lawrence Erl baum Associates , In pre~s.)
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1
• Perceptual Dimensions: Similar ity and Identification

We describe a view of stimulus identification ~ that
assumes (1) that complex visual or auditory stimuli are
represented perceptually as vectors in a
mult idimensional Euclide-’n space , and (2) that the
probabilities of identification responses are
determined by relative interstimulus distances in the
percep tua l  space . In practice , we derive the
dimensions of the perceptual space , and the loci of the
s t i m u l i  w i t h i n  the space , f rom a p p l i c a t i o n  of a
m u l t i d i m e n s i o n a l  s c a l i n g  p rocedu re  to p a i r w i s e
judgments of stimulus similarity . Based on the derived
interstimu lus distances , we then predict the
identification confusion matrix for individual
observers by means of a probabiliistic decision model.
In a ser ies of three ex per imen ts, the model has
accoun ted for an aver age of more than 90 percent of the
observed capability in 33 individual confusion
matr ic es.

Three d i f f e r e n t  sets of complex  v i s u a l  s t i m u l i  have
been used : ( 1)  a set of 27 s y n t h e s i z e d  two— formant
spectro gr ams , suggestive of speech spectrograms , which
v a r i e d  along three physical dimensions , (2) a set of 8
spect ro gram s of rea l , un derwa ter soun d s , and (3) a set
of 9 shapes , organ ic in app earance , that varied along
two nonverbalizable physical dimensions . In each case ,
we derived a perceptual space that could be directly
related either to the manipulated physical dimensions
(sets 1 and 3) or to physical measures derived from an
analys is of the sig nals (set 2).

3ur decision model assumes that perceptual dimensions
are  not necessarily weighted equally in determining
inters timulus di stan ce , and that the relative
magnitudes of these dimension salience weights may
differ across observers. Furthermore , we suggest that
these weigh ts may be ad aptively tuned by an observer in
order to optim ize identification performance , the
criterion dependi ng upo n both the task an d the stimulus
set . In an expe r imen t  in wh ich  observer s i d e n t i f i e d  a
subset of four “signals ,” amon g a set ot eight stimuli ,
with a different subset of four defined as signals in
each of 3 con di tions , we observed that the patterns of
d i m e n s i o n  s a l i ence  we igh t s  v a r i e d  across  c o n d i t i o n s .
Moreover , each observed pa t t e rn  of we igh t s  was
g e n e r a l l y  in agreement  w i t h  the t heo re t i ca l  p a t t e r n  of
we ights that would maximize the probability of correct
identification . We have also demonstrated the dynamic

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .
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properties of the tuni ng process in another experiment
In which the relative usefulness of a particular
dimension was drasticall y reduced from t h e  first
cond~ tlon of the experiment to the second. An a y:ing
successive blocks of trials within the second
condition , we observed the pattern of dim ension weights
to change gradually for several observers , f rom nea r
optimum for the first condition to near optimum for the
second .

The use of multidimensional scaling procedures to
reveal perceptual structure receives substantial
validation from our results , in demonstrating the
ability of that structure to account for identit ’ioatlon
perfo rmance in an independent task. At the same time ,
we gain confidence in the decision model , in
demonstrating its predictive accuracy based on an
i n d e p e n d e n t l y  derived perceptual space . Finally, this
approach suggests a relatively simple and practical
means of predicting , and possibly enhancing ,
I d e n t i f i c a t i o n  p e r f o r m a n c e  for  a given set of visual or
a u d i t o r y  s t i m u l i .

(This abstract will appear in the Proceedings of t h e
XX IInd International Congress of Psychology, Lei~ :ig.1980.)
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