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ABSTRACT 

Observers responded to abstract forms (quadrigons) in six experiments, under a sig- 
nal detection paradigm. Duration of stimulus exposure was shown to have strong 
effects upon detection accuracy (two studies); immediate feedback of accuracy 
information to observers affected performance chiefly by influencing guessing bias, 
not sensitivity (two studies); images that had been blurred and then deblurred by 
means of an analog device were compared with unblurred originals, and the effects 
of the retrieval process (deblurring) were characterized quantitatively by a signal de- 
tection index (one study); and electroencephalographic correlates of signal detection 
responses were found to vary with performance accuracy and observer confidence 
(one study). Discussions of the theory of signal detectability and of electroencepha- 
lography, as tools in the study of image quality and of observer sensitivity, are in- 
cluded in the report. 
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INTRODUCTION 

We describe six experiments in which abstract forms (quadrigons) comprised the 
stimulus material for observers whose responses were determined by a signal detec- 
tion experimental paradigm. We have examined duration of stimulus presentation, 
feedback of accuracy information to observers, and electroencephalographic corre- 
lates of discriminative visual responses. These studies followed from our previous 
work with quadrigons (Wheeler et al., 1971) and are part of a long -range program 
centered on image quality evaluation and measurement of observer sensitivity. 

Included in the present report are summaries of the theory of signal detectability 
(TSD) and of electroencephalography as applied to visual discrimination. We also 
discuss the combined use of these two methodologies in the examination of image 
quality. 

Our program results now provide a sound basis for investigating complex, realistic 
imagery in the framework of the signal detection technique. In addition, we see evi- 
dence that the electroencephalographic approach has great potential value for image 
quality research. 



INFLUENCE OF STIMULUS DURATION ON 

THE DETECTABILITY OF DEGRADED 

VISUAL SIGNALS 

-C. T. Rasmussen 

To develop a comprehensive method of evaluating image handling systems, we have 
used photographs of computer -generated abstract forms (quadrigons) and have 
examined the effects of contrast, grain size, and linear blur on the ability of ob- 
servers to extract information from quadrigon images that varied in signal -to -noise 
ratio (Wheeler, Daniel, Seeley, and Swindell, 1971). Our specific goal was to exam- 
ine the psychophysical effects of image enhancement or image retrieval programs 
and processes. 

In that study, the observer viewed mounted photographs one at a time and 
responded to each presentation with a scaled numerical value that represented both 
his decision as to whether or not a signal was present in the photograph and his 
confidence in the accuracy of the decision. This method allowed us to use signal 
detection theory techniques in the analysis of observer responses. The task was 
self -paced; no limit was placed on the time the observer required to examine the 
photograph and arrive at a decision. 

The results indicated that the method could provide a flexible and sensitive means 
of evaluating image processing techniques. The relative psychophysical effects of the 
three image -degradation variables were clearly distinguished. The technique per- 
mitted detailed analysis of the tradeoffs involved in allowing one type of image 
degradation to increase in order to decrease another (for example, grain -blur inter- 
actions). More complex interactions such as grain -blur- contrast effects were 
discovered. 

In reviewing the results of this study it became apparent that stimulus presenta- 
tion time could be a potentially important variable. Our photographic images had 
been simple ones, but actual, real life photographs of scenes such as landscapes in an 
ecological study or aerial views of urban regions for city planning purposes would 
involve huge increases in the amount of information and detail to be evaluated. An 
understanding of the effects of exposure duration of a given detail or photograph 
could have great practical value, especially for complex images. For instance, if 
optimal viewing times do exist, photointerpreters might be trained to control and 
pace their scanning rates in order to increase coverage and efficiency. 
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In the present study we therefore reexamined a subset of stimuli from the earlier 
experiment but with controlled variation of the presentation time available for the 
examination of each photographic image. 

There is ample evidence in the perception literature (Graham, 1966) that expo- 
sure time is a powerful variable in its effect on the extraction of information from 
visual stimuli. We wanted, however, to determine not only the shape of the function 
resulting from systematic variation of presentation times relative to quadrigon im- 
ages but also the interaction of exposure time with the other variables of the original 
study. Also, because we were to use a tachistoscope for stimulus presentation, we 
would be able to examine, under new conditions, the reliability of the effects ob- 
tained in the original study. 

Procedure 

It has been shown by Swets (1964) and others that detection responses obtained 
by means of threshold models are confounded with observer guessing tendencies 
(the observer criterion), which are, in turn, influenced by response payoffs such as 
overt rewards for correct positive responses or covert social reinforcement such as 
may occur in any experimental situation. For example, if an observer imagines that 
the experimenter wants him to avoid all false positives ( "false alarms "), he might es- 
tablish a very conservative criterion under which a positive response would be given 
to only the most obvious instances of signal. 

Signal detection theory provides a technique for avoiding problems of this kind 
by making use of the information contained both in the correct and the incorrect re- 
sponses. It provides an index of detection that is independent of the observer crite- 
rion (Swets, 1964). 

Our stimuli were computer generated quadrigons (Wheeler et al., 1971). These ab- 
stract forms were subjected to varying amounts of contrast, grain size, and linear 
blur degradation by photographic processing. Observers were instructed to base their 
decisions not on the appearance of the resulting photographic images but on their es- 
timates of the true character of the photographed objects. They were to determine 
whether the object was pointed at all angles (a signal) or somewhat rounded at all 
angles (a non signal). 

Quadrigons fulfill the following conditions: they have no periodicity such as oc- 
curs in checkerboard or grid stimuli; they have no directional bias; they are analo- 
gous to objects that might exist in aerial photographs; and they have characteristics 
that permit signal detection theory techniques of analysis. We have described else- 
where (Wheeler et al., 1971) the construction of quadrigons, preparation of the 
independent variables discussed below, and the related photographic techniques. 
Figure 1 provides examples of quadrigons differing in contrast and roundedness. 

The signals in the present study were pointed quadrigons. Noise input consisted of 
quadrigons whose external and internal angles had been slightly rounded. By varying 
the amount of rounding for a subset of quadrigons, it was possible to change the 
signal -to -noise ratio. Increased roundedness effectively increased the probability of 
discriminating between pointed quadrigons (signals) and a particular group of 
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Fig. 1. Quadrigon examples showing roundedness and contrast 
but not linear blur or grain magnification. 



rounded quadrigons (nonsignals). Roundedness was, thus, an independent variable in 
both this and in our earlier experiment. 

There were four levels of roundedness based on pilot studies conducted to deter- 
mine optimal levels for this variable: 1/4 in., l in., and ;/a in. The measure refers to the 
distance from the vertex of each angle of the original, unreduced quadrigon outlines 
at which the rounding was done. 

The remaining three variables common to this and our earlier study were contrast, 
grain size, and linear blur. Originally we employed five levels of each of these vari- 
ables, but in the present study three values of each variable were thought to be suffi- 
cient. The contrast values were 5:95, 25:75, and 40:60, representing percent reflec- 
tances of figure and ground, respectively. Grain magnification multipliers were 0, 8, 
and 16. The magnifications were accomplished by means of standard photographic 
image enlargement procedures. Linear blur was produced by an analog image proces- 
sor that line scanned each photograph and gave blur values of 0, 2, and 4 mm. Figure 
2 gives examples of quadrigons that differ in grain size and linear blur. 

The variable peculiar to this study is stimulus presentation time or exposure dura- 
tion; that is, the time available to the subject for examination of the quadrigron 
image. To select appropriate presentation times, we conducted two pilot studies and 
decided that a logarithmic scale of presentation times should be used in the main 
experiment: 1, 10, 100, 1000, and 10,000 msec. 

The design was completely factorial with each possible value of each variable oc- 
curring once with each value of every other variable; this produced a total of 540 
different quadrigon images. In the roundedness by contrast by grain size by linear 
blur matrix, each cell contained its own unique quadrigon, or a total of 108 differ- 
ent quadrigons, each presented at five different exposure durations. 

The observer responded to a stimulus presentation by selecting one of the 10 pos- 
sible responses listed in Appendix A. The selection of any particular response value 
reflects two forms of information: (1) Did the photographic image represent a 
pointed object (a signal)? Responses 0 through 4 were positive responses, 5 through 
9 were negative responses. (2) What degree of confidence on a 10 -point scale did the 
observer have in his decision (his decision criterion)? Responses 0 and 9 represented 
high confidence in the respective decisions, 4 and 5 indicated low confidence, with 
the other values intermediate between high and low confidence. 

The stimuli were presented in an Iconix model 6137, three- channel tachistoscope. 
Viewing distance was approximately 83.8 mm (33 in.) from the observer's pupil to 
the stimulus, with the observer's head held motionless by a hard rubber viewing port. 
The stimuli subtended visual angles ranging from 2 °30' to 4 °30' at the retina; these 
were similar to the retinal image sizes of the previous study (Wheeler et al., 1971). 
The stimuli were presented in one channel of the tachistoscope while in a second 
channel a set of dim red fixation points were presented above, below, and on each 
side of the stimulus location. These fixation points did not fall within the area in 
which the stimuli occurred. 

Stimulus intensities measured at the viewing port with a Honeywell Pentax 1 °/12° 
spotmeter ranged from 3.3 cd /m2 to 15.2 cd /m2 . 

Stimulus presentation control was provided by the Iconix model 6010 preset con- 
troller, model 6255 timebase and counter, model 6192 three -channel light box 
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Fig. 2. Quadrigon examples for minimum and maximum roundedness, three contrast 
conditions, three levels of linear blur, and three levels of grain magnification. This figure 
continues on pages 7 through 11. 
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driver, and model 6171 logic board. These control units provided a range of timing 
capabilities from 1 msec through 10,000 msec. 

The timebase and counter control panel were modified to produce a loud click at 
the start of each timing sequence, warning the observer that a stimulus would appear 
0.5 sec later. 

The observers were student volunteers, four female, three male. Three of them 
had corrected vision, but none were screened for visual acquity. All were enrolled in 
an introductory course in psychology and were paid for their services on an hourly 
basis. 

The data were collected in a series of five sets per observer, made on five consecu- 
tive days, averaging slightly less than 40 min per set. Each set consisted of 108 
stimulus -response pairs, a total of 540 observations per person. There were no rest 
periods, and each observer was run individually. There were 3780 responses in all. 

Prior to the first set of observations, instructions were given by means of a tape 
recording (see Appendix B). This described both the task and the form of the 
response. During these instructions two cardboard examples of the stimuli were pre- 
sented, one pointed, the other slightly rounded. The subject was also provided with 
a list of the possible responses (Appendix A) to which he was allowed to refer at any 
time. 

The 540 stimuli were presented in a separate, random order for each observer; this 
included balanced randomization of exposure durations. After the stimulus was 
placed in the tachistoscope and the selected presentation time was preset, the experi- 
menter said, "Ready." When the observer felt comfortable and fully prepared, he 
responded, "Ready," at which time the experimenter pressed the start button. This 
was accompanied by the clearly audible click that denoted the beginning of the 
0.5 -sec foreperiod. This duration was examined during the pilot studies and 0.5 sec 
was found to be optimal from the point of view of the observers. Longer foreperiods 
resulted in loss of readiness; prolonged fixation on an essentially blank field is not an 
easy task. The constant foreperiod minimized variability due to time uncertainty 
(Swets, 1964). 

Stimulus onset occurred at the end of the foreperiod, and immediately after stim- 
ulus offset the observers responded verbally with a number selected from the 
response scale. It should be emphasized that although viewing time was controlled, 
response time was not. Responses, however, followed stimulus offset by approxi- 
mately 5 sec almost without exception even though observers were never told when 
to respond. All inquiries were answered with, "Do not rush. Take as much time as 
you desire." No feedback of performance accuracy was provided to the observer; the 
only verbalization by the experimenter was the "Ready" at the beginning of each 
stimulus presentation. 

Results 

The raw data were first pooled across observers. A pooled dm score was then ob- 
tained for all observers for each condition. The dm score is a theory of signal detec- 
tion (TSD) measure derived from the receiver operating characteristic (ROC) curve. 
The ROC curve accurately reflects detection capability independent of subjective 
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criteria. As the ROC curve departs from chance, it reflects increasing detection accu- 
racy. There are several indexes currently in use that reflect the departure of the ROC 
curve from chance responding. We selected the dm index because of its stability and 
its independence of slope and of angle at the origin. (For derivations and further dis- 
cussion, see Wheeler et al., 1971.) All graphs accompanying this paper are based on 
the pooled dm scores. 

The analysis of variance in this study is based on di scores. These differ from dm 
scores only in that di is obtained from individual criterion levels rather than from 
the ROC curve as a whole. This permits us to take the variability within criterion 
levels as an error term in the analysis of variance. The separation of criterion variabil- 
ity from total variability results in a measure that is both stable and sensitive. 

The independent variable of primary interest, presentation time, had a strong 
effect upon the observers' ability to detect pointed figures accurately. This effect 
upon performance was highly significant (see Table 1). Figure 3 shows that the 
steepest slope exists between 100, 1000, and 10,000 msec; that portion of the func- 
tion described by presentation times of I, 10, and 100 msec is essentially a plateau. 
The mean dm values for these shorter presentation times do, however, lie between 
0.6 and 0.8, well above chance responding. This indicates that even with presenta- 
tion times as short as 1 msec, the observers were able to extract some information 
from the photographic images. 

Table 1. Analysis of variance of dm 
for the stimulus duration experiment. 

Source 
Degrees of 
freedom 

Degrees of 
freedom 

error 
Mean 

square 

Mean 
square 
error F -ratio 

Significance 
level 

Time 4 32 131.82 0.96 137.31 <0.001 
Rounding 2 16 196.47 0.77 255.16 <0.001 
Contrast 2 16 231.40 1.00 231.40 <0.001 
Grain 2 16 37.44 0.98 38.20 <0.001 
Blur 2 16 661.56 1.14 580.32 <0.001 
Time X rounding 8 64 6.94 0.24 28.92 <0.001 
Time X contrast 8 64 6.22 1.09 5.71 <0.001 
Time X grain 8 64 5.41 0.85 6.36 <0.001 
Time X blur 8 64 39.00 1.01 38.61 <0.001 

The other four independent variables, rounding, contrast, grain, and blur, were 
each highly significant in affecting the mean dm values. (See Table 1 and Figs. 4, 5, 
6, and 7.) It is clear from Fig. 4 that increased roundedness (that is, increased signal - 
to -noise ratio) resulted in increased mean dm values. The increase from' /4 -in. to 1 /2 -in. 
rounding had a much greater influence on detection than the relative difference be- 
tween 1/2-in. and 3/4-in. rounding. The three dm values were: 0.556, 1.193, and 1.300, 
respectively. 
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Fig. 3. Effect of stimulus duration 
on signal detection (dm). 

dm 

3.00 

2.66 

2.33 

2.00 

1.66 

1.33 

1.00 

0.66 

0.33 

0.00 

E1 

4 1/2 34 

Stimulus roundedness (in.) 

Fig. 4. Effect of stimulus roundedness 
on signal detection (dm). El refers to 
Experiment 1 (Wheeler et al., 1971). 

At the levels examined, contrast proved to be as strong a variable as roundedness 
(signal -to -noise ratio). Figure 5 indicates that over the values selected the effect was 
essentially linear with no indication of either an upper or a lower limit. 

By comparison, the effect of grain magnification was considerably less than that 
of any of the other variables considered (see Fig. 6). The mean dm scores ranged 
from a low of 0.816 for a grain magnification factor of 16 to a high of 1.143 for a 

factor of O. 

Linear blur had a greater effect than any other variable, including presentation 
time (see Fig. 7). The dm scores ranged from a low of 0.337 for 4 mm of blur to a 
high of 1.801 for 0 blur. The effect of this variable was approximately linear over 
the chosen range of blur. 

Interactions between presentation time and each of the other variables were signi- 
ficant in every case (see Table 1). 

Figure 8a (presentation times plotted with respect to increasing levels of round- 
ing, or increasing signal -to -noise ratios) shows that as presentation time increased, 
the effect of rounding became stronger; however, it is clear that there are two clus- 
ters of curves, each of similar range and amplitude. The 1 -, 10 -, and 100 -msec curves 
are very similar, whereas the 1000- and 10,000 -msec curves both exhibit consider- 
ably increased range and value at each level of rounding. We note that this same 
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clustering effect is apparent in the other three time interactions when stimulus dura- 
tions are each plotted separately with respect to one of the other variables (Figs. 9a, 
10a, and 11a). 

When the data of Fig. 8a are replotted so that each level of rounding is shown as a 
function of duration (Fig. 8b), it can be seen that the similarity between the 1/2-in. 

and 3/4-in. rounding levels holds across all presentation times; effects of the 1/4-in. 

rounding level, on the other hand, are reduced in both range and amplitude. 
For the time- contrast interaction depicted in Fig. 9a, the most striking fact is that 

as presentation time decreases, the range of dm scores increases although at lower 
values. This is the only interaction in which decreased presentation time allowed 
another variable to have a greater effect on the range of d, scores. Whereas the 
10,000 -msec dm scores cover a total range of only 0.35, the 10 -msec values cover a 
range of more than 1.00. Furthermore, when contrast is plotted against time (Fig. 
9b), it can be seen that increased contrast resulted in a decrease in the effective 
range of time dm scores. This is the sole case in which the highest level of image 
quality resulted in the smallest effect of the presentation time variable. 

Grain magnification was the least powerful of the independent variables, and we 
also see that the grain -time interaction is the weakest found (Fig. l0a). It is also 
more complex; while the plots of 100- and 10,000 -msec times appear to portray 
linear, increasing dm functions as grain size decreases, the 1- and 1000 -msec times 
resulted in mean do values that reached their maximum at a grain magnification of 
8. When grain size is plotted with respect to time (Fig. 10b), 0 grain results in a 
function that is essentially linear. The plots for grain magnifications of 8 and 16, 
however, indicate upper and lower bounds, with almost all of the effect of the time 
variable being contained in that portion of the curve located between 100 and 1000 
msec. 

The time -blur interaction is considerably more obvious and clear cut. When times 
are plotted with respect to blur (Fig. 1 la), it is clear that the curves within each of 
two clusters are almost identical. However, an examination of the differences 
between the two clusters indicates that increased presentation times resulted in an 
increase in the effect of blur. In Fig. 1 lb it can be seen that decreased degradation 
due to blur resulted in greatly increased effects of presentation time; a 4 -mm blur 
resulted in a function that is essentially flat. At each of the three blur levels (0, 2, 
and 4 mm), however, mean dm values for the 1 -, 10 -, and 100 -msec times are 
approximately equal; where differences occur, they are found between 100 and 
10,000 msec. 

Discussion 

This study supports the general finding that presentation time is a powerful variable 
in its effect on detection behavior. The results also provide further confirmation of 
the effectiveness and sensitivity of the TSD method in evaluating image retrieval or 
presentation systems. 

In every experimental condition except one, the reduction of viewing time had 
the effect of reducing the power of the other independent variables. In the excep- 
tional case reduced viewing times resulted in an increased effect of contrast. 
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The results obtained by Wheeler et al. (1971) have been added to Figs. 4, 5, 6, 7, 
8a, 9a, 10a, and 1 la. These additional curves are labeled El (Experiment 1) and pro- 
vide a basis for comparison with the present study. The effects of roundedness in the 
present study are highly congruent with those of the earlier experiment, especially if 
the 1000 -msec and 10,000 -msec presentation times are examined (Fig. 8a). This is to 
be expected because in the earlier study there was no limit to presentation time; the 
observers were allowed whatever time was necessary to make a decision. 

The effects of each of the three variables involving image degradation were also 
similar to those of the previous study in dm amplitudes and slopes. As before, the 
correspondences are most striking when the 10,000- and 1000 -cosec presentation 
times are compared, but even for the shorter presentation times (1, 10, and 100 
msec) similarities are apparent. Whereas the magnitudes of the dm scores are smaller 
for shorter presentation times, the slopes of the curves remain comparable in almost 
every case to those obtained in the earlier study. 

This evidence provides strong support for the idea that the use of a tachistoscope 
can be compared, at least to some reasonable degree, with a free - viewing situation. 
Such flexibility, or comparability, is important because of studies in which precise 
control of viewing time is necessary, or in which brief flashes are required in order to 
examine the evoked potential from the visual cortex. 

A review of the data presented here, and especially that summarized in Fig. 3, 
raises certain questions. Even with the shortest presentation time (1 msec), response 
accuracy did not decline to the chance level. It would be of interest to determine at 
what presentation time response accuracy approximates chance performance. On the 
other hand, the shape of the function at presentation times greater than 10,000 
msec would be of interest. While there is evidence of a leveling off at the longest pre- 
sentation times, the results do not clearly indicate the exposure duration required 
for optimal responding. Furthermore, the exact shape of the function between 100 
msec and 1000 msec should be determined. 

Another problem requiring further study is the effect of afterimages. How much 
of the information employed by the observers in arriving at a decision was obtained 
from the visual 'afterimage? A replication of the present study, with a bright masking 
flash following each stimulus, would answer this question. 
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FURTHER INVESTIGATION OF INFLUENCE 

OF EXPOSURE TIME ON DETECTABILITY 

OF DEGRADED VISUAL SIGNALS 

-P. R. Best, Jr. 

An interesting trend was discovered in the Rasmussen data reported above. Several 
figures (see Figs. 8b, 9b, 10b, 1 1 b) indicate that there was greater detectability, in 
some instances, for a 1 -msec exposure than for a 10 -msec exposure. This result usu- 
ally occurred in the case of the greatest degradation of each of the variables. In some 
cases the dm z 's at 1 msec and 100 msec are approximately equal, whereas those for 
10 msec are lower. These results made us feel that some interesting interactions 
between very short exposure times and quality of the visual image might have oc- 
curred for our observers. There might, we thought, be an optimal presentation time 
within the range of 1 and 100 msec. 

Our purpose, in this additional study, was to reanalyze the effects of presentation 
time on visually degraded images but with a larger sample of very short times. 

Procedure 

The observers were five females and three males in the age range of 18 to 27. The 
equipment was exactly that described for the study reported above (Rasmussen). 
The procedure differed only slightly. The stimuli were the same, but fewer were 
employed. All four levels of stimulus roundedness were presented in combination 
with two levels of contrast ratio (25:75 and 40:60), two levels of grain magnifica- 
tion (8 and 16), and two levels of blur (2 mm and 4 mm). These particular levels 
were chosen because they accentuated the short presentation time phenomena 
found by Rasmussen. The image degradation factors were completely factorialized 
to form 32 individual stimuli that were each presented at six exposure times to each 
observer: 1, 3, 5, 7, 10, and 50 msec. The 192 stimulus presentations (32 stimuli by 
6 exposure times) were administered in a new randomized order to each observer in 
a 1 -h session with a 5 min break at the halfway point. 

Results 

The mean rating data were converted to dl scores using the TSD methodology of 
Wheeler et al. (1971). The d, score obtained from d, reflects the average distance of 
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an ROC curve from the positive diagonal (chance line) and, therefore, the detectabil- 
ity of the signal; the greater the dm, the more detectable the associated signal. The 
dm 's were combined for all subjects; the data to be discussed are group scores. An 
analysis of variance was performed on the di 's. See Wheeler et al. (1971) for the 
rationale and mechanics of using dm and analysis of variance. 

The main effect of presentation time was not significant. Of the other variables, 
roundedness, contrast, and grain were significant contributors to the variance, 
whereas blur was not. The results of the analysis of variance are tabulated in Table 2. 
The graph of presentation time with the associated dm 's is presented in Fig. 12. It 
can be seen in this figure that while there are differences among the points, the range 
is very small. 

Table 2. Analysis of variance of dm 
for the second study of stimulus durations. 

Source 
Degrees of 
freedom 

Degrees of 
freedom 

error 
Mean 

square 

Mean 
square 
error F -ratio 

Significance 
level 

Time 5 40 1.39 0.92 1.51 ns 
Rounding 2 16 37.56 2.29 16.40 <0.001 
Contrast 1 8 19.72 1.42 13.89 <0.010 
Grain 1 8 122.28 8.52 14.35 <0.010 
Blur 1 8 15.21 3.30 4.61 ns 
Time Xrounding 10 80 0.80 0.29 2.76 <0.025 
Time X contrast 5 40 6.26 0.61 10.26 <0.001 
Time X grain 5 40 12.37 1.16 10.66 <0.001 
Time X blur 

ns = nonsignificant 

5 40 2.32 0.66 3.52 <0.025 

Degree of roundedness did have a significant effect on detection accuracy. The 
1 /4 -in. rounded stimuli were the most difficult to distinguish from pointed quadri- 
gons, whereas the 1 /2 -in. rounding produced the highest detectability index. These 
results are illustrated in Fig. 13. Probably the difference between 1 /2 -in. and 1/4-in. 

roundedness is not significant; this was not tested. 
As the ratio of background luminance to figure luminance (contrast) decreased 

away from unity, detectability improved significantly (see Fig. 14). Figure 15 shows 
a similar effect for grain. The smaller grain magnification significantly enhanced sig- 
nal detectability. 

The trend of the results for the blur variable is not congruent with the two previ- 
ous studies, but because the effect of this factor was not significant, no account 
need be taken of this outcome. As blur was increased and, therefore, image degrada- 
tion increased, detection also increased (Fig. 16), but the graphed difference appar- 
ently represents only measurement variance. 

Each of the two -way interactions of presentation time with the other variables 
was significant (see Table 2). Figure 17a illustrates the interaction of time with 
roundedness. The effects of presentation time were greater at the level of least 
roundedness (1/4-in.). The other levels produced flatter curves but larger dm values. 
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There is, in this figure, some slight evidence that for a weak signal detection condi- 
tion (1/4-in. roundedness) the 1- or 3 -msec presentation times might be superior to 
longer stimulus durations up to about 50 msec. The issue is still unresolved. 

The greater contrast ratio produced greater detection but only at the extreme 
times (1, 3, and 50 msec). The central times (5, 7, and 10 msec) were similar to each 
other for both levels of contrast. The 1 -, 3 -, and 50 -msec times for the lower con- 
trast produced the least detection accuracy. Figure 17b illustrates these findings. 
Once more we see a slight indication that a very short exposure time might be supe- 
rior to longer durations, up to about 50 msec. In this case, however, it is the better 
of the contrast conditions that yields this effect. 

The grain magnification by presentation time interaction appears to be the oppo- 
site of the one for contrast and to be more similar to the roundedness variable. The 
extreme times (1, 3, and 50 msec) yield higher dm values only for the more de- 
graded image condition (16X), but this distinction does not occur for the less de- 
graded images (8X). Again, we know that the overall interaction effect is significant, 
but we do not know whether the fine detail is meaningful. Figure 17c presents these 
results. 

The effect of blur across the six presentation times is illustrated in Fig. 17d. For 
4-mm blur there is evidence that very short durations produced superior detectabil- 
ity, but this was not true for the lesser blur condition (2 mm). Please recall that blur, 
alone, had no significant effect on detectability although the blur by time interac- 
tion is significant. 
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Discussion 

The study discussed in this chapter did not reveal a systematic presentation -time 
phenomenon in which some specified short exposure time always produced better 
detection than did longer times. Cases of this result, however, did occur, as they did 
in the Rasmussen study reported above. When individual levels of the degrading vari- 
ables were examined, at least one instance of a U- shaped curve occurred for each 
variable. In each case, except contrast, the level of the variable that was most image 
degrading produced this U- shaped function. 

Both this study and the Rasmussen study demonstrated that there may be certain 
combinations of exposure time and degree of image degradation for which a shorter 
exposure time is preferable to a longer one, but this effect pertains only to stimulus 
durations briefer than 50 msec. 

A cautionary note must be sounded at this point. Below 50 msec the Iconix hot - 
cathode fluorescent tubes in the tachistoscope did not reach maximum luminance 
within the stimulus exposure period although the company's literature claims that 
they will do so under 1 msec. We measured this with a photomultiplier and a 
Hewlett Packard 141A oscilloscope and obtained the following results: 

Stimulus Stimulus 
duration Peak voltage duration Peak voltage 

(msec) during stimulus (msec) during stimulus 

1 0.5 50 2.8 
3 0.7 100 2.8 
5 1.1 300 2.8 
7 1.6 400 2.8 

10 2.2 500 2.8 

This means that in the two studies just reported luminance was not a constant for 
stimulus presentations below 50 msec. The dimmer luminances at the shortest pre- 
sentation times make our results even more interesting and puzzling than if this con- 
founding effect had not occurred. Why should an extremely brief, extremely dim 
object sometimes be easier to interpret than one that lasts longer and is brighter? 
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EFFECTS OF FAMILIARITY AND OF 

KNOWLEDGE OF RESULTS ON 

THE DETECTABILITY OF 

DEGRADED VISUAL SIGNALS 

-G. W. Seeley 

We have examined knowledge of results (KR) and stimulus familiarity in a transfer - 
of- training experiment on the accuracy of signal detection. The signal -detectability 
sensitivity measure, dm , was compared with an ordinary performance analysis. KR 
produced significant differences in accuracy of performance but not in observer sen- 
sitivity. The major effect was a reduction of false -alarm rates in the KR groups. A re- 
examination of many previous KR studies is indicated, therefore, because of the 
possibility that performance increments might sometimes have been criterion -shift 
effects rather than discrimination or sensitivity effects. The influence of immediate 
feedback of performance accuracy information to the observer was shown in our 
study to be important, but with our relatively simple stimuli the changes in behavior 
were less related to enhanced sensitivity to stimulus cues and more related to 
changes in guessing behavior. 

The experiment in this chapter extends the work of Wheeler et al. (1971) by 
exploring the effects of familiarity and information feedback on accuracy of signal 
detection. Because the stimuli (quadrigons) were nonsense forms, the confounding 
effects of meaning were greatly reduced, and because the pointedness or rounded- 
ness parameter was analogous to certain important characteristics of natural images, 
the results should have considerable generality. 

It has been the general finding since Thorndike (1931) that neither enhanced per- 
formance nor learning usually takes place without some kind of feedback or knowl- 
edge of results. KR can be divided into two types: intrinsic (stimulus inherent) and 
extrinsic (experimenter controlled). It is the common practice of experimenters to 
use some form of extrinsic KR to train people in the more effective use of intrinsic 
stimulus cues. If KR is withdrawn and trainees maintain a high level of performance 
in relation to a no- feedback (NKR) group, then learning is assumed to have oc- 
curred. In many experimental procedures this has generally been the finding. 
Ammons (1956), for example, reviewed the KR literature and concluded that KR 
does affect both the rate and level of learning. When one group is given KR and 
another is not, the KR group usually learns more rapidly and reaches a higher profi- 
ciency than the NKR group. More recent research has continued to demonstrate that 
KR enhances and stabilizes performance (Weidenfeller, Baker, and Ware, 1962; Nash 
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and Adamson, 1968; Wiener, 1969), and, in addition, that the higher the ratio of 
trials containing KR, the better the performance (Howell and Emanuel, 1968). 

The study in this chapter was designed to examine the effects of KR on perfor- 
mance in the signal- detection task developed by Wheeler et al. (1971) and also to 
clarify the effects of stimulus familiarity. A transfer paradigm, in which all groups 
were equated in the test phase, provided an answer to the question of familiarity. 
The signal- detection mode of response increased the sensitivity of the analysis by 
showing whether KR principally affected observers' guessing criterion (by aiding the 
observer to adjust his decision criterion toward the actual ratio of signal to nonsignal 
stimuli) or whether the observer actually learned to distinguish among the stimuli 
more accurately. 

Procedure 

Twenty -four University of Arizona Optical Sciences Center graduate students and 
secretaries served as observers (16 male, 8 female) and were assigned at random to 
four groups of equal size. Three observers were paid, and all had at least 20:20 dis- 
tance vision (Snellen letters). Their mean age was 25. 

A total of 108 stimuli were selected from the 500 degraded quadrigons generated 
by Wheeler et al. (1971). Each stimulus was a 11/2-in. by 2 -in. photographic print 
mounted on 4-in. by 4 -in. gray cardboard (35% reflectance). The stimulus set con- 
tained four levels of quadrigon roundedness: 0, ' /a -in., 1 /2 -in., and 3 /a -in., as defined in 
Wheeler et al. (1971, p. 3); three levels of figure -ground contrast: 5:95, 25:75, and 
40:60 (the ratio of figure and ground percentage reflectance); three grain magnifica- 
tion factors: 0, 8, and 16; and three levels of linear blur: 0, 5, and 9 mm. Each stim- 
ulus represented one level of each of the four independent variables simultaneously. 

The 108 stimuli were assigned at random to a set of 72 stimuli or to a set of 36, 
with the restriction that 18 stimuli of zero roundedness (signals) were included in 
the set of 72 and 9 such stimuli in the set of 36. In the practice (preexposure and 
NKR) or training phase (KR) the 72 stimuli were presented to each observer one at a 
time with a separate random sequence used for each observer. Stimuli were viewed 
under C illuminant (Macbeth daylight lamp) at an uncontrolled viewing distance of 
about 45.7 cm (18 in.). The same conditions existed during the test phase. During 
training trials, the feedback information was visual and consisted of a red or a green 
light (red = incorrect; green = correct) presented for 1 sec. The light exposure was 
controlled by an Industrial Corporation timer started by the experimenter immedi- 
ately after each response. 

A 10 -point degree -of- certainty chart (Appendix A), ranging from 0 through 9, 
governed the response options: 0 = "I am absolutely certain - rounded "; 4 = "I am 
just guessing- rounded "; 5 = "I am just guessing- pointed "; and 9 = "I am absolutely 
certain -pointed." The other numbers represented appropriately graded levels of cer- 
tainty. To equate exposure between KR and other groups, each observer was al- 
lowed approximately I lh sec of continuous observation of the stimulus after each 
response. 
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Observers were asked to decide whether the original objects, not the photo- 
graphed images, had been pointed or not. Their binary decisions permitted analysis 
by means of the theory of signal detection (TSD). 

The transfer design included three control groups: test only, preexposure and 
then test, and NKR and then test. There was also one experimental group: KR and 
then test. The test -only group saw only the 36 test stimuli; their data acted as a base- 
line with respect to the other groups. 

The preexposure group was a control for the possiblity that mere exposure to, or 
familiarity with, the stimuli might affect performance during the test phase. This 
group saw the 72 stimuli one at a time but was instructed to make no responses; task 
instructions were given just before the 36 test stimuli were presented. 

The NKR group made decisions during the training trials but were provided no 
feedback at any time during the practice or test phases. This group replicated the 
Wheeler et al. (1971) experiment and was also a control group that could be com- 
pared directly with the KR group in both pretest and test phases. 

Each group, thus, had a different amount of information to work with. The ex- 
perimental (KR) group had the most information; its treatment was identical to that 
of the NKR group except that KR was given after every response during the practice 
phase. No group received KR feedback during the test phase. 

A standard set of taped instructions was presented to each person (Appendix B), 
with additional verbal instructions depending upon the observer's group. Those in 
the preexposure group were told to look at each stimulus carefully, to make no 
response, and that further instructions would follow; they were then given appropri- 
ate response instructions just prior to the test phase. After each KR group member 
had heard the taped instructions, he was told that he would receive visual feedback 
concerning his performance accuracy on every trial. 

Each observer was run individually and was requested to refrain from discussing 
his task with other observers. 

Analysis of responses was based on the theory of signal detectability (TSD), 
which divides performance into two parts: sensitivity (d') and criterion state, or 
response bias (Green and Swets, 1966). By statistically removing the response bias 
component from performance, it is possible to assess the effects of experimental 
conditions on true sensitivity to stimulus characteristics. 

The detection measure, dm , (Grice, 1968) increased the statistical sensitivity of 
the TSD analysis in the present study. This measure is the mean distance between 
distributions of "noise" and "signal plus noise" represented in the stimulus situa- 
tion. The distance between signal- plus -noise and noise distributions at any given 
decision criterion point is termed di. The arithmetic mean of the di's, calculated 
from the actual di values to which the receiver operating characteristic (ROC) func- 
tion is fitted, is called d1z . This index reflects all the available data, is easy to com- 
pute, and correlates highly with the area under the ROC curve. 

Results 

Separate analyses of variance were performed on the mean rating test scores for 
pointed and for rounded stimuli. Parallel analyses were carried out for the di values 
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calculated in the signal- detection analyses. Each mean rating analysis showed signifi- 
cant treatment effects as shown in Table 3 (F(3,20) = 7.668, P < 0.05, and F(3,20) 
= 5.886, P < 0.05, where F is F -ratio and P is significance level) for the pointed and 
rounded conditions, respectively. Stimulus and stimulus -by- treatment sources were 
partitioned to increase the precision of the analysis of treatment effects. Stimulus 
effects were significant in each analysis (Table 3). The stimulus -by- treatment effect 
was not significant for the pointed objects but reached significance for the rounded 
ones. The dm analysis in Table 3 is an analysis of variance (model I) of the di's 
mentioned previously and indicates the effect of treatment on sensitivity. 

Table 3. Analysis of variance with respect to observers 
and treatments for test trials only. 

Mean rating analysis - pointed 

Source 
Degrees of 
freedom 

Mean 
square F -ratio 

Significance 
level 

Treatment 3 29.5 97 7.668 <0.05 
Observers per treatment 20 3.860 
Stimuli 8 53.216 32.194 <0.05 
Stimuli X treatment 24 2.031 1.229 ns 
Stimuli X observers per treatment 160 1.653 

Mean rating analysis - rounded 

Degrees of Mean Significance 
Source freedom square F -ratio level 

Treatment 3 146.602 5.886 <0.05 
Observers per treatment 20 24.905 
Stimuli 26 101.618 39.586 <0.05 
Stimuli X treatment 78 4.365 1.700 <0.05 
Stimuli X observers per treatment 520 

dm analysis 

2.567 

Degrees of Mean Significance 
Source freedom square F -ratio level 

Treatment 3 0.264 2.825 ns* 
di per observers X treatment 32 0.093 

*Compare with F(3,30) = 2.92 at P = 0.05 as shown in Meyers (1966, p.387). 
ns = nonsignificant 

Thus, there was a difference in outcome between the mean rating and the dm 
analyses of treatment effects. Graphs of the mean ratings for the pointed and 
rounded stimulus values and of the dm values demonstrate the power of the TSD 
method and the associated dm index in this situation. Figure 18 shows that the pre - 
exposure group performed more poorly than any other group during the test trials, 
the test only and the NKR groups performed somewhat better, and the KR group 
gave the best performance of all groups. 
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The plot of dm values, Fig. 19, showing observer sensitivity, provides a different 
picture. With response bias removed, the test -only group proved to be the least sensi- 
tive. The preexposure and the NKR groups were almost equivalent in sensitivity and 
were each better than the test -only group, whereas the KR group was the most sensi- 
tive. An inference from the two analyses is that KR generally improved performance 
but increased sensitivity only slightly. 
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The dm analysis (Fig. 19) indicates that familiarity also had some effect on sensi- 
tivity because the preexposure and the NKR test groups were each more sensitive 
than the test -only group. 

Analyses of variance were also performed on data from the practice phase; only 
NKR and KR groups were compared. The mean rating analyses of pointed and 
rounded stimuli again yielded significant treatment and stimulus effects as indicated 
in Table 4. Stimulus and stimulus -by- treatment effects were again partitioned to 
increase the precision of the analysis. In the dm analysis, the treatment effect again 
failed to reach significance. 

A comparison of Figs. 20 and 21, the plots of practice -phase mean ratings of 
pointed and rounded stimuli and the associated dm values, demonstrates that during 
the practice phase the KR group performed differently from the NKR group but 
that the two groups were almost identical in sensitivity. 
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Table 4. Analysis of variance with respect to observers 
and treatments during practice. 

Mean rating analysis - pointed 

Source 
Degrees of 
freedom 

Mean 
square F -ratio 

Significance 
level 

Treatment 1 31.130 5.116 <0.05 
Observers per treatment 10 6.085 
Stimuli 17 20.705 8.959 <0.05 
Stimuli X treatment 17 2.463 1.066 ns 
Stimuli X observers per treatment 170 2.311 

Mean rating analysis - rounded 

Degrees of Mean Significance 
Source freedom square F -ratio level 

Treatment 1 221.668 9.669 <0.05 
Observers per treatment 10 22.926 
Stimuli 53 38.781 11.277 <0.05 
Stimuli X treatment 53 2.486 0.723 ns 
Stimuli X observers per treatment 530 

dm analysis 

2.439 

Degrees of Mean Significance 
Source freedom square F -ratio level 

Treatment 1 0.018 0.243 ns 
di per observers X treatment 

ns = nonsignificant 

16 0.074 

Figure 22 represents the dm values for NKR and KR groups during practice and 
test trials and indicates that the KR group increased markedly in sensitivity during 
the test phase. 

Table 5, showing percentages of false alarms and hits for each group during the 
test trials, demonstrates that KR affected accuracy of performance primarily by 
reducing the false -alarm rate. 

Table 5. Percentages of hits and false alarms 
for each group during test trials. 

Groups Hits False alarms 

Test only 0.870 0.401 
Preexposure 0.963 0.537 
NKR 0.870 0.401 
KR 0.815 0.173 
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Discussion 

In the experiment presented in this chapter the quadrigon stimuli and the TSD 
methodology proved to be useful tools for examination of the effects of knowledge 
of results. The d t sensitivity analysis, as opposed to the mean rating analysis, gave a 
more accurate picture of the effects of the independent variables. Analyses of cor- 
rect pointed judgments (hit rates) alone might have led to erroneous conclusions 
concerning effects of the independent variables, but the TSD correction for guessing 
bias produced a clear picture of the effects of KR on performance in the detection 
task. 

The strongest implication of the present study is that much previous KR research 
should be reexamined. Many reported increments in performance might turn out to 
have been due mainly to criterion shifts. In our study knowledge of results produced 
more accurate performance, and there was even a hint that the KR group increased 
slightly in sensitivity, but this effect was not statistically significant. In general, KR 
helped keep false alarms at a minimum, whereas hits were maintained at a relatively 
high level. The three control groups also had high hit rates, but these were associated 
with relatively high false -alarm rates. The higher false -alarm rates for the control or 
familiarity groups indicate that these groups had much looser criterion levels than 
did the KR group. In addition, the KR group tended to become more conservative in 
its use of "pointed" judgments. 

The results of the dm analysis, for the practice phase, present a much clearer pic- 
ture of discrimination behavior than does the mean rating analysis, and this compari- 
son demonstrates an important difference between performance and sensitivity. 
With regard to general performance (mean ratings) the KR group performed better 
than the NKR group. On the other hand, the d11 analysis indicates no difference in 
sensitivity between these groups. This outcome implies that although the KR group 
improved in performance, its sensitivity to stimulus cues remained essentially the 
same as that of the NKR group. 

There was, however, some evidence of improved sensitivity in the KR group in the 
dm analysis of the test phase performance. Because the question of sensitivity was 
not answered unambiguously by the present experiment, we report in the next 
chapter a second study that was designed to clarify this matter. We felt that the 
slightly enhanced sensitivity of the KR group might be improved even more if addi- 
tional training trials were provided prior to the test trials. 
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SECOND KNOWLEDGE OF 

RESULTS EXPERIMENT 

-G. W. Seeley 

Procedure 

Twelve University of Arizona undergraduate and graduate students served as observ- 
ers. Five males and seven females were assigned at random to two groups of equal 
size. All had at least 20:20 distance vision (Snellen letters) and 20:50 near vision 
(Sloan letters). Their mean age was 19 years. 

A total of 192 stimuli were selected from the 500 degraded quadrigons generated 
by Wheeler et al. (1971), 84 more stimuli than were used in the first KR study. Each 
stimulus simultaneously represented one level of each of the four independent vari- 
ables, as described in the first study. 

The 192 stimuli were assigned to a set of 144 stimuli or to a set of 48, which 
allowed for twice as many practice trials and half again as many test trials as in the 
study described in the previous chapter. The stimuli were assigned in such a way as 
to confound the grain magnification factor across the two sets of stimuli but not 
roundedness, contrast, or linear blur. This permitted analysis of the effect of KR on 
roundedness, contrast, and blur interactions, which had not been possible with the 
random selection used in the first KR study. 

In the practice or training phase the 144 stimuli were presented to each observer 
one at a time. A separate random sequence was used for each person, and stimuli 
were viewed under C illuminant (Macbeth daylight lamp) at an uncontrolled viewing 
distance of about 45.7 cm (18 in.). The same conditions existed during the test 
phase. During training trials, the feedback information was visual and consisted of a 
red or a green light (red = incorrect; green = correct) presented for 1 sec. The light 
exposure was controlled by an Industrial Corporation timer started by the experi- 
menter immediately after each response. 

A 10 -point degree -of- certainty chart (Appendix A), ranging from 0 through 9, 
governed the response options: 0 = "I am absolutely certain -rounded "; 4 = "I am 
just guessing- rounded "; 5 = "I am just guessing -pointed "; and 9 = "I am absolutely 
certain -pointed." The other numbers represented appropriately graded levels of 
certainty. To equate exposure between KR and the no- feedback (NKR) group, each 
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observer in the NKR group was allowed 11/2 sec of continuous observation of the 
stimulus after each response. 

Observers were asked to decide whether the original objects (not the photo- 
graphed images) had been pointed or not. These binary decisions permitted analysis 
by means of the theory of signal detection (TSD). 

The transfer design consisted of one control group, NKR and then test, and one 
experimental group, KR and then test. The NKR and KR groups were instructed 
about their task before any stimuli were presented. The only difference between the 
groups was that the observers in the NKR group were given no feedback at any time 
during practice or test phases. Neither group received KR feedback during the test 
phase. 

A standard set of taped instructions was presented to each observer (Appendix B). 
After each KR group observer had heard the taped instructions, he was told that he 
would receive visual feedback concerning his performance accuracy on every trial. 

Each person was run individually and was requested to refrain from discussing his 
task with other observers. 

The analysis was the same as that employed in the first KR study, except that the 
Tukey (b) studentized post hoc test was used. The Tukey (b) test calculates the stu- 
dentized range statistic (Q) defined as 

XL - Xs 
Q = 

V'ms error In 

where 

XL = largest mean 
XS = smallest mean 
ms error = mean square error used in F test to find significance 
n = number of responses /mean 

and compares this with Tukey's more conservative critical value (CV). The critical 
value is defined as 

CV - CV(K,df) + CV(r,df) 
2 

where 

K = total number of means analyzed 
r = distance of means being analyzed when ranked 
df = degrees of freedom. 

If the Q statistic is larger than the CV, then there is a significant difference between 
means. If it is smaller, then there is no significant difference (see Winer, 1962, pp. 77 
and 87). Post hoc tests are applied only to interactions that are significant in the 
analysis of variance. 
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Results 

An analysis of variance was performed on the mean rating test scores and on the di 
test values calculated in the signal detection analysis. The mean rating analysis 
showed significant treatment effects (see Table 6 where F(1,10) = 12.660, P < 
0.05). Stimulus and stimulus -by- treatment sources were partitioned to increase the 
precision of the analysis of treatment effects. The d,,1 analysis in Table 7, which 
indicates the effect of treatment on sensitivity, proved to be nonsignificant; F(1,16) 
= 0.175, P > 0.20. The 4 and 4 -by- treatment sources were also partitioned to in- 
crease the precision for this analysis. 

Table 8 demonstrates that KR affected performance accuracy primarily by reduc- 
ing false alarm rates but that there was also some decrease in hit rate. The fiftieth 
percentile scores on the certainty -of- response scale for 0, ' /a -in., 1 -in, and 3/4-in. 

rounding were 6.7, 5.4, 2.1, and 1.8 for the NKR group and 5.2, 3.0, 0.5, and 0.2 
for the KR group, respectively. By comparing Figs. 23a and 23b we see that the de- 
crease in false alarms was due to a conservative shift in the use of the response scale 
by the KR group. 

In the selection method used to separate the original set of 192 stimuli into prac- 
tice and test sets (Wheeler et al., 1971) stimuli were confounded across grain magni- 
fication levels. This means that we were not able to distinguish the effects of KR on 
the grain magnification levels, but because this variable had been found to be a rela- 
tively weak one in the Wheeler et al. (1971) study, we decided to confound it in 
order to assess the effects of KR on the more important variables of roundedness, 
contrast, and linear blur. 

Table 6. Analysis of variance for mean ratings in second KR study. 

Degrees of Mean 
Degrees of freedom Mean square Significance 
freedom error square error F -ratio level Source 

Rounding 3 30 553.576 3.082 179.616 <0.05 
Contrast 2 20 29.127 4.504 6.467 <0.05 
Blur 3 30 44.724 2.897 15.438 <0.05 
Treatment 1 10 328.516 25.950 12.660 <0.05 
Rounding X contrast 6 60 30.520 2.332 13.087 <0.05 
Rounding X blur 9 90 31.014 3.680 8.428 <0.05 
Contrast X blur 6 60 8.599 2.305 3.731 <0.05 
Rounding X treatment 3 30 0.349 3.082 0.113 ns 
Contrast X treatment 2 20 3.391 4.504 0.753 ns 
Blur X treatment 3 30 15.108 2.897 5.215 <0.05 
Rounding X contrast X blur 18 180 10.125 2.430 4.167 <0.05 
Rounding X contrast X treatment 6 60 3.113 2.332 1.335 ns 
Rounding X blur X treatment 9 90 5.355 3.680 1.455 ns 
Contrast X blur X treatment 6 60 5.858 2.305 2.541 <0.05 
Rounding X contrast 

X blur X treatment 

ns = nonsignificant 

18 180 3.948 2.430 1.625 ns 
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Table 7. Analysis of variance for detectability index, dm, in second KR study. 

Degrees of Mean 
Degrees of freedom Mean square Significance 

Source freedom error square error F -ratio level 

Rounding 2 32 122.466 1.025 119.479 <0.05 
Contrast 2 32 75.642 1.523 49.666 <0.05 
Blur 3 48 29.965 1.698 17.647 <0.05 
Treatment 1 16 2.513 14.320 0.175 ns 
Rounding X contrast 4 64 11.126 0.316 35.209 <0.05 
Rounding X blur 6 96 14.182 0.397 35.723 <0.05 
Contrast X blur 6 96 4.358 1.338 3.257 <0.05 
Rounding X treatment 2 32 0.266 1.025 0.260 ns 
Contrast X treatment 2 32 5.746 1.523 3.773 <0.05 
Blur X treatment 3 48 5.897 1.698 3.473 <0.05 
Rounding X contrast X blur 12 192 6.104 0.398 15.337 <0.05 
Rounding X contrast X treatment 4 64 1.336 0.316 4.228 <0.05 
Rounding X blur X treatment 6 96 1.493 0.397 3.761 <0.05 
Contrast X blur X treatment 6 96 5.538 1.338 4.139 <0.05 
Rounding X contrast 

X blur X treatment 

ns = nonsignficant 

12 192 2.559 0.398 6.430 <0.05 

Table 8. Percentages of hits and false alarms 
for each group during test trials. 

Groups Hits False alarms 

NKR 0.89 0.40 
KR 0.65 0.13 

All analyses discussed in the remainder of this chapter are from the analysis of 
variance of the test phase dl 's because it is easier to examine the effects of KR on 
sensitivity, the major concern of this study, if we look at the data specifically deal- 
ing with this phenomenon. All references are to Table 7 unless otherwise noted. 

Analysis of dZ test interactions shows rounding by treatment to be the only non- 
significant treatment interaction; F(2,32) = 0.260, P > 0.20. Figure 24a shows that 
the KR treatment had little effect on signal discriminability within any one of the 
three roundedness conditions but demonstrates that rounding is an effective and use- 
ful tool for this type of experiment, even when the stimulus set is much smaller than 
it was in the original Wheeler et al: (1971) study. 

Contrast by treatment was significant; F(2,32) = 3.773, P< 0.05. Figure 24b indi- 
cates that at 5:95 contrast, KR produced an increase in sensitivity that caused this 
interaction to reach significance. Table 9A confirms this statement. The 5:95 con- 
trast level treatment comparison is the one statistically significant comparison in this 
set of tests; Q = 4.216, P < 0.05. 
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The rounding -by- contrast -by- treatment interaction was significant; F(4,64) = 
4.228, P < 0.05. Further post hoc analyses were, therefore, performed to ascertain 
at which level of rounding KR had its greatest effect. Figures 25a, b, and c indicate 
that this significance occurred not only at 5:95 contrast at 1 /4 -in. and 1 /2 -in. rounding, 
but also at 25:75 contrast at 1 /4 -in. rounding. Table 9C contains three significant 
comparisons: 1 /4 -in. and 1 /2 -in. roundings at 5:95 contrast (Q = 7.429, P < 0.05; Q = 
4.555, P < 0.05, respectively) and 1 /4 -in. rounding at 25:75 (Q = 4.323,P < 0.05). 
The significance for 1 /4 -in. rounding at 25:75 contrast (see Fig. 25b) is a reversal of 
the expected findings; the NKR group showed higher sensitivity than the KR group. 
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Fig. 25. Effect of stimulus roundedness on signal detection (dm) for NKR and KR groups 
for three levels of stimulus contrast (figure- surround percentage reflectance): (a) 5:95, 
(b) 25:75, (c) 40:60. 
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Blur by treatment was also significant; F(3,48) = 3.473, P < 0.05. Figure 26 and 
Table 9B indicate that 3 -mm blur was the source of this significance; Q = 4.066, P < 
0.05. 

dm 

3.5 

3.0 

2.5 - 

2.0 

1.5 

1.0 

0.5 

0.0 - 

NKR KR NKR KR NKR KR NKR KR 
0 mm 3 mm 5 mm 9 mm 

Stimulus blur 

Fig. 26. Effect of stimulus blur on 
signal detection (dm) for NKR and KR 
groups. 

Rounding by blur by treatment was also significant; F(6,96) = 3.761, P < 0.05. 
Figures 27a, b, c, and d indicate that 3 -mm blur at 1/4-in. rounding and 0 blur at 1 -in. 
rounding produced significant differences. Post hoc tests were run (Table 9D) and 
two significant comparisons were found; 1/4-in. rounding at 0 blur caused the NKR 
group to be more sensitive than the KR group; Q = 6.018, P < 0.05; and ' /4 -in. 
rounding at 3 -mm blur caused the KR group to be more sensitive than the NKR 
group; Q = 6.616, P < 0.05. 

The contrast -by- blur -by- treatment interaction was significant also; F(6,96) = 
4.139, P < 0.05. Figures 28a, b, c, and d show that the significant difference was at 
3 -mm blur and 5:95 contrast. Table 9E confirms this; Q = 6.935, P < 0.05. 

Discussion 

The differences in outcome between the mean rating analyses and the dm analyses 
of treatment effects replicate the results found in the first KR study. KR affects 
performance but not sensitivity. The conclusion that KR acted primarily by shifting 
observers' criterion levels to a more conservative part of the response scale, in this 
task, was also confirmed. The KR group's false alarm rate was much lower than that 
of the NKR group, but so was the KR group hit rate. The large differences between 
the fiftieth percentile scores for signal and noise conditions, in the test phase cumu- 
lative frequency graphs, also bear out this conclusion. 
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Table 9. Post hoc analyses for significant two- and three -way treatment 
interactions in detectability index, dm, analysis of variance; choice 

of critical value is based on Tukey's (b) procedure. 

A. Contrast X treatment (degrees of freedom = 32) 

Treatment Q Ranked Total number Tukey (b) Significance 
Contrast NKR KR statistic distance of means critical value level 

5:95 2.041 2.541 4.216 2 6 3.585 <0.05 
25:75 1.487 1.407 0.676 2 6 3.585 ns 
40:60 1.174 1.127 0.394 2 6 3.585 ns 

Tukey (a) critical value = 4.296 
ns = nonsignificant 

B. Blur X treatment (degrees of freedom = 48) 

Treatment Q Ranked Total number Tukey (b) Significance 
Blur (mm) NKR KR statistic distance of means critical value level 

0 1.935 1.591 2.377 3 8 4.028 ns 
3 1.885 2.474 4.066 3 8 4.028 <0.05 
5 1.256 1.358 0.707 3 8 4.028 ns 
9 1.193 1.344 1.042 3 8 4.028 ns 

Tukey (a) critical value = 4.517 
ns = nonsignificant 

C. Rounding X contrast X treatment (degrees of freedom = 64) 

Contrast 
Rounding 

(in.) 
Treatment Q 

statistic 
Ranked 
distance 

Total 
number 
of means 

Approximate 
Tukey (b) 

critical value 
Significance 

level NKR KR 

'/4 0.751 1.447 7.429 6 18 4.70 <0.05 
5:95 1/2 2.844 3.271 4.555 3 18 4.32 <0.05 

3/4 2.528 2.907 4.048 3 18 4.32 ns 
1/4 0.634 0.229 4.323 2 18 4.04 <0.05 

25:75 1/2 1.768 2.019 2.674 3 18 4.32 ns 
3/4 2.058 1.972 0.920 3 18 4.32 ns 
'/4 0.679 0.820 1.504 3 18 4.32 ns 

40:60 '/2 1.281 1.153 1.369 2 18 4.04 ns 
3/4 1.562 1.409 1.634 3 18 4.32 ns 

Tukey (a) critical value = 5.24 
ns = nonsignificant 
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D. Rounding X blur X treatment (degrees of freedom = 96) 

Blur (mm) 
Rounding 

(in.) 
Treatment Q 

statistic 
Ranked 
distance 

Total 
number 

of means 

Approximate 
Tukey (b) 

critical value 
Significance 

level NKR KR 

1/4 0.683 -0.046 6.018 4 24 4.68 <0.05 
0 '/a 2.440 2.333 0.885 3 24 4.52 ns 

3/ 2.682 2.486 1.616 2 24 4.24 ns 
'/0 0.869 1.671 6.616 9 24 5.08 <0.05 

3 1/2 2.342 2.897 4.575 7 24 4.96 ns 
3/4 2.445 2.856 3.385 4 24 4.68 ns 
'/a 0.110 0.374 2.174 2 24 4.24 ns 

5 1/2 2.011 1.827 1.517 3 24 4.52 ns 
3/ 1.646 1.873 1.878 4 24 4.68 ns 
'/a 1.091 1.331 1.977 3 24 4.52 ns 

9 1/2 1.065 1.533 3.864 6 24 4.89 ns 
3/ 1.425 1.169 2.109 3 24 4.52 ns 

Tukey (a) critical value = 5.66 
ns = nonsignificant 

E. Contrast X blur X treatment (degrees of freedom = 96) 

Blur (mm) Contrast 
Treatment Q 

statistic 
Ranked 
distance 

Total 
number 
of means 

Approximate 
Tukey (b) 

critical value 
Significance 

level NKR KR 

5:95 2.261 2.558 1.331 3 24 4.52 ns 
0 25:75 1.761 1.037 3.253 10 24 5.13 ns 

40:60 1.783 1.178 2.717 9 24 5.08 ns 
5:95 1.994 3.537 6.935 7 24 4.96 <0.05 

3 25:75 1.745 2.206 2.070 8 24 5.02 ns 
40:60 1.917 1.680 1.066 6 24 4.89 ns 

5:95 1.495 1.903 1.832 6 24 4.89 ns 
5 25:75 1.221 1.372 0.680 3 24 4.52 ns 

40:60 1.051 0.800 1.132 5 24 4.80 ns 
5:95 2.413 2.168 1.101 4 24 4.68 ns 

9 25:75 1.222 1.013 0.939 6 24 4.89 ns 
40:60 -0.056 0.851 4.074 3 24 4.52 ns 

Tukey (a) critical value = 5.66 
ns = nonsignificant 
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for four levels of stimulus linear blur: (a) 0, (b) 3 mm, (c) 5 mm, (d) 9 mm. 
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The treatment interaction analyses that could be performed in this experiment, 
and that were significant, coupled with the post hoc tests, provide new insight con- 
cerning the effects of KR. With regard to contrast conditions, KR worked best at 
5:95 for 1/4-in. and 1 -in. rounding, but at 25:75 and 1/4 -in. rounding NKR gave better 
sensitivity, and in all other cases contrast did not matter. At 0 blur and 1/4 -in. round- 
ing NKR was better than KR, but at 3 -mm blur and 1 /4 -in. rounding KR was better 
than NKR. There were no other differences associated with blur. Thus the answer is 
not as simple as the F test might indicate. There were significant sensitivity differ- 
ences between the two training methods, but their effects balanced out. KR was 
most effective at 1 /4 -in. rounding for either 5:95 contrast or 3 -mm blur; NKR pro- 
duced higher sensitivity at 1/4 -in. rounding for either 25:75 contrast or 0 blur. 

At this moment there is not enough information to explain these differences; pro- 
bably they are based on some combination of criterion shift and task learning. Fur- 
ther studies. could, perhaps, clarify the picture, but we assume that more complex 
stimuli might leave room for larger sensitivity changes to occur along with, or after, 
criterion shifting. 

One major conclusion from the two KR studies, as they stand, is that observers' 
guessing behavior, for difficult decisions, can be modified. This has practical implica- 
tions for the training of photointerpreters. We also see from the second study that 
the utility of information feedback, in producing such modifications, is a function 
of the type of difficulty encountered in the stimulus material, so we now have some 
clues about how to make the training most effective. 
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INFLUENCE OF IMAGE DEBLURRING 

BY AN ANALOG DEVICE ON THE 

DETECTABILITY OF DEGRADED 

VISUAL SIGNALS 

-G. W. Seeley, L. Wheeler, and W. Swindell 

As part of our program to develop methods of image evaluation, we wished to make 
a practical application of our currently available techniques. An appropriate test was 
possible because of the existence of the analog image -processing device developed by 
Swindell (Optical Sciences Center Technical Report 47, 1969). This machine was de- 
signed to remove certain types of blur degradation from photographic images, and 
its output images can be evaluated by means of the quadrigon signal detectability 
method. 

The analog processor can also introduce controlled amounts of linear blur into im- 
ages to yield degraded images for comparison with (1) unblurred, original images, 
and with (2) the deblurred images that result from using the device to analyze 
blurred images. 

The character of the retrieved or enhanced images produced by the analog device 
deserves some mention. Assume, for example, that the original image was a dark 
quadrigon on a light surround; assume, further, that this image was line- scanned by 
the processor and that a given amount of linear blur was introduced. The retrieved, 
deblurred image, in this case, would contain a gray background upon which would 
occur a dark outline of the original quadrigon and, displaced by a distance equal to 
the extent of linear blur in the blurred image, a light outline of the same quadrigon. 
The dark and light outlines would overlap, unless the linear blur had been very large, 
but each would be a relatively clear replica of the boundary of the original quadri- 
gon. Evidence of the line- scanning inherent in the operation of the analog processor 
would remain in the deblurred image. Figure 29 shows examples of the original, the 
blurred, and the deblurred images that were used in our investigation. 

Procedure 

The experiment was performed as follows: twelve Optical Sciences Center graduate 
students and secretaries served as observers (eight male, four female). Each had at 
least 20:20 distance vision (Snellen letters) and 16:16 near vision (Sloan letters); 
their mean age was 26 years. 
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Fig. 29. Quadrigon examples showing unblurred, blurred, and deblurred images for 
various contrasts and rounding and different levels of blur (continued on next page). 
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Eighty stimuli were selected from the 500 quadrigons generated by Wheeler et al. 
(1971). The stimuli consisted of four sets of 20 quadrigons each. Each stimulus set 
contained four levels of quadrigon roundedness; 0, 1A-in., 1 /z -in., and 3/a -in., as defined 
in Wheeler et al. (1971, p. 3) and five levels of figure- ground contrast: 5:95, 25:75, 
40:60, 75:25, and 95:5 (the ratio of figure and ground percentage- reflectance). The 
80 quadrigons were then scanned on the analog processor in sets of 20, with one 
level of linear blur introduced per set: (0, 3, 5, or 7 mm). Masks were made and the 
blurred quadrigons were deblurred on the analog processor. The unbiurred, blurred, 
and deblurred quadrigons became the total stimulus set. 

These 240 transparencies were then printed (11V2 -in. by 2 -in.) and mounted on 
4-in. by 4-in. gray cardboard (35% reflectance). The resulting images were presented 
to each observer, one at a time, with a separate random sequence for each person. 
Stimuli were viewed under C illuminant (Macbeth daylight lamp) at a viewing dis- 
tance of about 45.7 cm (18 in.). 

A 10 -point degree -of- certainty scale, ranging from 0 through 9, governed the 
response options: 0 = "I am absolutely certain - rounded "; 9 = "I am absolutely 
certain - pointed "; with the other numbers representing intermediate levels of 
certainty. 

Observers were asked to decide whether the original objects, not the photo - 
graphed images, had been pointed or not. The binary decisions permitted analysis by 
means of the theory of signal detection. 

The design of the experiment made each observer his own control for each of the 
treatment sets: original, blurred, and deblurred. A standard set of taped instructions 
was presented to each observer. All trials were run individually, and observers were 
requested to refrain from discussing the task with other people. 

Separate analyses of variance were performed on the mean rating scores and on 
the d, values calculated in the signal detection analysis. 

Results 

The differences between and among the unbiurred, blurred, and deblurred stimulus 
sets were statistically significant (Table 10). Figure 30 shows that observers were 
strongly certain about the pointed or rounded character of the unbiurred quadrigons 
but that certainty was weak for the blurred set. For the deblurred set, certainty was 
about 50% of that found for the original, unblurred images. 

Figure 31 gives the detectability index (d11 ) for each set of stimuli at each blur 
level. The 80 unblurred, but scanned, images showed high detectability relative to the 
same stimuli when these were scanned and blurred by varying amounts. At zero blur 
in Fig. 31 the small differences are attributable to measurement variance. At 3, 5, 
and 7 mm of linear blur the deblurred images had detectability ratings always about 
50% better than those of the blurred stimuli, relative to the unbiurred originals. This 
difference, in general, was maintained across all levels of quadrigon roundedness and 
contrast. Increased blur produced decreased detectability, as usual. 

Figure 32 shows the effects of image contrast in terms of the detectability index, 
dm . Except for the 40:60 contrast ratio condition, the general effect of differing 
contrast levels in the original images was virtually zero. For the deblurred images at 
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Table 10. Analyses of variance for mean ratings and for 
the signal detection index, dm, in the deblurring experiment. 

A. Mean ratings 

Source 
Degrees of 
freedom 

Degrees of 
freedom 

error 
Mean 

square 

Mean 
square 
error F -ratio 

Significance 
level 

Rounding 3 99 6897.322 10.278 671.076 <0.001 
Contrast 4 132 12.741 1.455 8.757 <0.001 
Blur 3 99 173.318 3.000 57.773 <0.001 
Treatment 2 33 633.750 29.809 21.260 <0.001 
Rounding X contrast 12 396 26.384 1.396 18.900 <0.001 
Rounding X blur 9 297 112.027 2.619 42.775 <0.001 
Contrast X blur 12 396 3.674 1.720 2.136 <0.001 
Rounding X treatment 6 99 258.020 10.278 25.104 <0.001 
Contrast X treatment 8 132 7.741 1.455 5.320 <0.001 
Blur X treatment 6 99 101.569 3.000 33.856 <0.001 
Rounding X contrast X blur 36 1188 7.704 1.560 4.939 <0.001 
Rounding X contrast X treatment 24 396 7.941 1.396 5.688 <0.001 
Rounding X blur X treatment 18 297 39.200 2.619 14.968 <0.001 
Contrast X blur X treatment 24 396 5.572 1.720 3.240 <0.001 
Rounding X contrast 

X blur X treatment 72 1188 4.633 1.560 2.970 <0.001 

B. dm index 

Source 
Degrees of 
freedom 

Degrees of 
freedom 

error 
Mean 

square 

Mean 
square 
error F -ratio 

Significance 
level 

Rounding 2 48 114.193 0.842 135.621 <0.001 
Contrast 4 96 2.764 0.189 14.624 <0.001 
Blur 3 72 28.909 0.889 32.519 <0.001 
Treatment 2 24 224.498 33.008 6.801 <0.001 
Rounding X contrast 8 192 1.424 0.050 28.480 <0.001 
Rounding X blur 6 144 1.164 0.126 9.238 <0.001 
Contrast X blur 12 286 0.643 0.061 10.541 <0.001 
Rounding X treatment 4 48 0.945 0.842 1.122 ns 
Contrast X treatment 8 96 1.335 0.189 7.064 <0.001 
Blur X treatment 6 72 14.179 0.889 15.949 <0.001 
Rounding X contrast X blur 24 576 0.611 0.044 13.886 <0.001 
Rounding X contrast X treatment 16 192 0.281 0.050 5.620 <0.001 
Rounding X blur X treatment 12 144 0.586 0.126 4.651 <0.001 
Contrast X blur X treatment 24 286 0.499 0.061 8.180 <0.001 
Rounding X contrast 

X blur X treatment 

ns = nonsignificant 

48 576 0.403 0.044 9.159 <0.001 

50 



0 

-1 

dm -2 

-3 

1.0 

0.8 

0.6 

0.4 

0.2 

00 

. j 
unbiurred l ._ i " 

d urred 
0' 

deb' 

blurred 
. 

I 

J 1 2 3 4 5 R 7 R q 

Certainty -of- response scale 

Fig. 30. Cumulative frequencies of certainty responses 
for three sets of quadrigons. 

-4 best detection 
0 3 5 

Stimulus blur (mm) 
7 

Fig. 31. Effect of stimulus linear blur 
on signal detection (dm) for unblurred, 
blurred, and deblurred stimuli. 

0 

-1 

dm -2 

-3 

-4 

"chance" detection 
blurred 

A deblurred-- 
a 

-A 

unblurred 9_ m-4- 

best 
I 

detection 
5:95 25:75 40:60 75:25 95:5 

Stimulus contrast 
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40:60 the degrading influence was not as well eradicated by the image processing; 
this amounted to about 80% of the detectability difference between unbiurred and 
blurred images. Thus the analog processor achieved about 20% retrieval efficiency 
for this very difficult contrast condition, as compared with a 50% efficiency for the 
other tested contrast conditions. 

Figure 33 shows the usual finding that 1 /4 -in. rounded quadrigons were more diffi- 
cult to distinguish from pointed ones than were 1 /z -in. and 3 /4 -in. rounded forms. The 
deblurring operation became progressively more effective as stimulus roundedness 
became greater although this increasing efficiency was modest, amounting to about 
10% of the dm difference between the blurred and unbiurred conditions, over the 
range from 1/4 -in. through 3 /4 -in. roundedness. 
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Zero stimulus rounding in Fig. 33 contains no plotted points because all values for 
quadrigons of zero roundedness were employed in the calculation of the dm indices 
for the quadrigons of varying degrees of roundedness. What happened to quadrigons 
of zero roundedness is displayed, therefore, in Fig. 34, which shows the mean cer- 
tainty ratings for each set of quadrigons at each rounding level. Even for pointed 
quadrigons the blurring operation had a distinctly degrading effect, only partially 
overcome by the deblurring process. 

Appendix C defines the blurring and deblurring operations that provided the stim- 
uli for the present investigation. 
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Fig. 34. Effect of stimulus rounding on -.- 
mean certainty ratings for unblurred, 
blurred, and deblurred stimuli. 
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Our results, we feel, form a clear demonstration, based on an actual application of a 
retrieval process, of the sensitivity and utility of the quadrigon signal detectability 
methodology. The outcome of this experiment also characterizes the capabilities of 
the specific analog processing device that blurred and deblurred our stimulus forms. 
The evaluation of the instrument is quantitative and cart be directly compared with 
similar measurements applied to other retrieval systems. 
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SIGNAL DETECTABILITY THEORY 

AND ELECTROENCEPHALOGRAPHY 

COMBINED IN THE STUDY OF 

VISUAL SIGNALS; AN OVERVIEW 

- C. T. Rasmussen 

Our purpose in this chapter is to examine two contemporary techniques for studying 
the processes involved in the visual acquisition of information by human observers. 
First we discuss the theory of signal detectability. Its application to human perfor- 
mance spans a mere 20 years. The second technique that we describe is electroen- 
cephalography. Though it has a 50 year history, it is also a comparatively new field 
of research. After a review of the two areas, we consider the possible benefits to be 
gained by their joint use in exploring visual performance. 

Theory of Signal Dectectability 

Threshold 

In the study of human performance, investigators have been concerned with 
understanding the relationship between objectively determined parameters of stimu- 
lus input and subjective reports of sensory experience. We have, for instance, such 
measures as light intensity, frequency of sound, or temperature of an object; com- 
parable subjective responses are described in terms of brightness, tone, and hot or 
cold, respectively. Until recently, the concept of threshold has been considered an 
indispensable tool for understanding such relationships. In general, threshold is con- 
sidered to be some value along a particular stimulus dimension (e.g., amplitude, fre- 
quency, duration) above which sensory responses take place and below which they 
do not. The threshold for sound of a given frequency may, for example, be stated in 
terms of the number of decibels necessary for detection. Two classes of threshold 
are defined: absolute and difference thresholds. The former refers to the value of a 
stimulus (say light intensity) that must be attained before its presence is detected. 
The difference threshold, on the other hand, refers to the degree of increase or de- 
crease necessary in an ambient flux to produce detection of a change. 

From the earliest research until the present, it has been apparent that threshold 
cannot be defined in terms of a single value. Indeed, threshold has proved to be 
highly volatile. Obtained values have varied from subject to subject, from day to 
day, from procedure to procedure, and even from moment to moment for a given 
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subject. Numerous theoretical concepts have been introduced to explain this insta- 
bility. These have met with varying success. Contemporary modifications of thresh- 
old theory will not, however, be discussed here. 

In recent years an entirely new approach to the threshold problem has been pro- 
posed. This approach grew out of complex mathematical theories relating to prob- 
ability and chance. Known as the theory of signal detectability (TSD), this formula- 
tion explains the observed variations in threshold but denies the very validity of the 
threshold concept. 

Validity of the Threshold Concept 

Proponents of TSD believe that the overriding flaw in threshold theory and meth- 
odology is the failure to differentiate between sensory and nonsensory processes 
involved in the detection process. Both factors are inherent in the detection problem 
and neither can be isolated. It is possible, however, to arrive at independent, quanti- 
tative estimates of each process and to observe their relationships with both inde- 
pendent and dependent variables. 

In general practice the threshold is often defined as the point on a stimulus con- 
tinuum at which a "Yes" response (signifying detection) is obtained for 50% of the 
stimulus presentations. Using the 50% criterion, an obvious problem is that, by 
definition, below -threshold stimuli result in detection responses on a finite number 
of trials. At the same time, some suprathreshold stimuli (that is, those above the 
50% point) are not detected. It is the position of TSD that these observations are a 
result both of the nature of the detection process and of the nonsensory processes 
involved. While there may be an infinite number of factors contributing to so- called 
nonsensory processes, all are conveniently grouped under the heading of the "crite- 
rion." The criterion is considered to be subjective and highly variable. In an experi- 
ment, for example, an observer may at one time be reluctant to report the presence 
of a stimulus until the evidence for its presence is very great, whereas at another 
time he may be willing to report a stimulus on the basis of little evidence. This 
situation makes accurate and consistent determinations of thresholds difficult. 

Threshold methodology has attempted to solve the problem of variation in crite- 
ria by employing highly trained observers whose responding behavior has become 
fairly stable. Individuals unable to achieve the required stability are not used. While 
this method may result in small fluctuations in the obtained data, it does not solve 
the problem of separating sensory and nonsensory processes. In many areas of re- 
search the nonsensory factors in decision making are also of interest in themselves, 
and it then becomes desirable that criteria be used as independent or as dependent 
variables. Furthermore, because threshold methods provide no independent mea- 
sures of criterion and sensitivity, the significance of changes in empirically deter- 
mined thresholds is open to question in any experimental manipulation. "Is the 
observed change in threshold a result of a shift in criterion or in sensitivity ?" is a 
question that persistently reappears. 

The theory of signal detectability is based on probability concepts that were 
developed in statistical decision theory (Neyman and Pearson, 1928; Chernoff and 
Moses, 1959) and that were first applied to the problem of signal discrimination in 
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radar receivers. The bulk of this work was conducted during the 1940's; by the early 
1950's the applicability of TSD to problems of psychophysics and perception was 
recognized (Price, 1966). 

The assumptions and variables of this theory do not contain a reference to thresh- 
old. There remain, however, a number of workers who concede that an absolute, 
lower level of signal threshold may exist; they simply state that the concept is of 
little practical utility. In an experimental setting the observer must distinguish 
between signal and nonsignal. To do so, he must establish a criterion, and it is the 
existence of such a response criterion that results in the appearance of a threshold. 

Figure 35a depicts the relationship between stimulus change and sensory proces- 
ses, as found in classical threshold theory. It is evident that there is a discrete point 
on the stimulus dimension at which detection takes place. The dotted line represents 
obtained data. The difference between theoretical and obtained slopes is attributed 
to fluctuation in the location of the threshold. 

Figure 35b shows the relationships resulting from application of TSD, with the 
dotted lines indicating results obtained for different criteria. The point of compari- 
son is that TSD assumes sensitivity to be a continuous function of the stimulus 
continuum rather than a step function. 

a 

b 

Stimulus dimension 

Stimulus dimension 

Fig. 35. Sensory process as a function of stimulus 
dimension: (a) threshold theory, (b) signal detect - 
ability theory. 
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Probabilities 

An important assumption of TSD is that, in the absence of any signal whatsoever, 
there is a background noise that has a sensory effect distributed over some portion 
of a sensory dimension. This noise is also present when the signal or stimulus is pre- 
sented, and it is assumed, therefore, that the signal is always embedded in noise. This 
noise may be external or internal; its origins are not critical to the theory. Variation 
in a given type of noise, as a sensory effect, can be described by means of the prob- 
ability distribution N seen in Fig. 36a. This distribution is assumed to be normal 
with a mean at MN . At any point on the sensory dimension, say 1, there is a specific 
probability of occurrence of this background noise. As we move to the right from 
location 1 to 2, and then to 3 on the sensory dimension, the probability of occur- 
rence of the given type of noise decreases. 

If an observer, responsive to the noise represented in distribution N, is presented 
with a series of signals of equal value x, then the sensory effect will be that of distri- 
bution N displaced by the value x with a mean MSN equal to MN + x (Fig. 36b). 
This distribution SN is also assumed to be normal. At location 1 on the sensory 
dimension there is a specific probability of signal detection. As we move to the right 
to 2, and then to 3, the sensory effect of the signal increases as does the probability 
of its detection. Further movement to the right, past MSN to point 4, results in de- 
creasing probability of detection. Therefore the sensory analog of signal strength can 
be defined as the distance between the means of the noise and the signal plus noise 
distributions (Fig. 36c). The signal detection capability of a hypothetical "ideal 
observer" is equal to the distance between the means of the N and SN distributions. 
This distance, when expressed in terms of the standard deviation common to both 
distributions, is referred to as d'. This is an important index to be discussed in 
greater detail below. 

As implied above, a further assumption of TSD is that the standard deviations of 
distributions N and SN are equal. Later on we will discuss the effects of a violation 
of the assumption of equal variance, but it is clear that a signal detector must deal 
with two separate distributions, each of which has specific characteristics. Plotting 
these together provides a graphic view of the problem of signal detection (Fig. 36c). 

There is some physiological evidence for the assumption of continuously varying 
background noise. De Valois, Jacobs, and Jones (1962) and Jacobs (1966) among 
others, recorded from individual cells in the laterial geniculate nucleus (LGN) of the 
macacque monkey, an animal whose visual system is strikingly similar to man's 
(De Valois, 1960). The LGN cells, fourth -order neurons of the visual system, were 
found to display a characteristic rate of responding in the absence of any stimulus or 
in the absence of any stimulus change. The authors characterized this baseline re- 
sponse rate as a carrier frequency, with stimulus presentation coded in the form of 
brief changes in frequency. Although the mean of this carrier frequency is roughly 
constant for any given cell, there are continuous moment -to- moment variations that 
make precise definition impossible except in statistical terms. Changes in frequency 
for a given stimulus are also subject to variations from presentation to presentation. 
Similar findings have been reported by FitzHugh (1957), but his recordings were 
made from single retinal ganglion cells, the third -order neurons of the visual system. 
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Fig. 36. Probability density functions in signal detestability theory. 

Returning to the distributions N and SN, it can be seen that-for any point on the 
sensory dimension, location 2 for example, there are two probabilities, one based on 
the N distribution and one related to the SN distribution. As we move to the left or 
right, the relationships between these probablities change. For instance, as we move 
from 2 to 3, the probability that a sensory effect is associated with the N distribu- 
tion decreases, whereas the probability that it is associated with the SN distribution 
increases. Moving from 2 to 1 changes the relative probabilities in a reverse manner. 
The relationship of the two probabilities is basic to TSD and is called the likelihood 
ratio, defined as P(SN)/P(/V). 

In detection situations involving high noise levels, low signal strength, or both, it 
is frequently the case that the N and SN distributions overlap. In such cases it is not 
possible for the observer to be certain whether a given sensory effect is attributable 
to the N or to the SN distribution. The TSD assumption is that this uncertainty is a 
result of the continuously varying sensory effects of noise and signal plus noise. 
These variations take place from day to day, trial to trial, and moment to moment. 
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Criterion and the Decision Rule 

The observer's task is analogous to that of a statistical decision maker working 
with noisy data. He must ask whether a manipulation of the independent variable 
caused a true difference in the dependent variable or whether the observed value was 
a result of random fluctuations in the dependent variable. In the detection case the 
observer must determine whether the sensory effect was a result of noise alone (the 
N distribution) or whether it resulted from signal plus noise (the SN distribution). 

Another TSD assumption is that the observer is aware of the probabilities, the dis- 
tributions, and the separation of the N and SN conditions. The assumption of such 
knowledge on the part of the observer is, in fact, an integral part of TSD. If such 
knowledge exists, it is possible for an observer to determine the probability that a 
given sensory effect is related to the N distribution and the probability that the same 
observation is associated with the SN distribution. This brings us back to the con- 
cept of the likelihood ratio. 

Because sensation is continuous rather than discrete, from the observer's point of 
view, it is necessary that he establish a criterion for making his judgments about a 
given sensory effect. This he does in terms of likelihood ratio. His criterion, with a 
value expressed in terms of a likelihood ratio, is labeled ß. In a given detection 
situation the observer is thought to select a value of ß such that when a sensory 
effect has a likelihood ratio that exceeds ß, he will say, "signal." If ß is not exceeded, 
then the response will be, "no signal." 

The criterion is under the influence of many nonsensory aspects of the detection 
situation. Primary among these influences, and receiving much experimental atten- 
tion, are probability of signal occurrence and the values and costs of correct and 
incorrect decisions. The criterion has also been shown to be affected by attitudes 
and personality characteristics. 

Experimental manipulation of criteria can be accomplished by means of instruc- 
tional sets, signal presentation probabilities, and explicitly stated payoffs and penal- 
ties. The latter may be expressed in terms of a payoff matrix. An example of such a 
matrix may be seen in Fig. 37a. This payoff matrix, because of its balanced nature, 
might be expected to result in a criterion located at 1 in Fig. 36c. The payoff matrix 
in Fig. 37b, because of the relatively large reward for the detection of a signal, might 
be expected to result in a criterion located well to the left of location 1, possibly 
location 0, in Fig. 36c. Payoff matrix c (Fig. 37), on the other hand, because of the 
high cost of responding "yes" to a member of the N distribution, might well result 
in a criterion located at 3, or even 4, in Fig. 36c. 

It can be seen, therefore, that larger values of ß reflect more conservative criteria, 
whereas smaller values are associated with liberal criteria. The optimum value of ß is 
defined as 

P(N) Value of correct rejection + cost of false positive Optimum ß X cost of miss + value of hit 

In an experimental situation there is usually a desired outcome or goal of perfor- 
mance. This goal may be a result of implicit assumptions on the part of the observer 
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Fig. 37. Payoff matrices that relate to 
differing criterion states of observers. 

or of explicit instructions or payoff matrices. The observer usually desires to maxi- 
mize correct detections (hits) or minimize false detections (false alarms). These goals 
are approached by determining the optimum decision policy for the given situation. 
Such a policy is called the "decision rule" and varies with the payoff matrices in- 
volved. In most cases the decision rule is stated in terms of the (3 value, or likelihood 
ratio, that is optimum for the detection problem at hand. Usually the decision rule 
is, therefore, fairly simple: make one response if the likelihood ratio of the observed 
effect has a value above ß and the opposite response if the value lies below ß. 

The Response Matrix and the ROC 

TSD theory and methodology require the inclusion of numerous trials in which 
no signal is presented; these are referred to as noise (N) trials and often constitute 
50% of the total trials although any proportion may be used. The observer is aware 
of the presence of noise trials, but for a given trial his only prior knowledge may be 
the probability of occurrence of a signal although he might not have even this 
knowledge. In most experimental situations, however, the a priori probability of 
signal (SN) occurrence is 0.5. In classical threshold methodology the noise trials are 
known as "catch trials," and are used to suppress or eliminate "guessing" responses. 

Given the two types of trial, N and SN, the observer has two possible responses, 
"yes, a signal did occur" and "no, a signal did not occur." 
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A response matrix can thus be constructed to include all four possible outcomes. 
Figure 38a depicts stimulus and response categories with labels from TSD terminol- 
ogy. The two critical values of the response matrix are the "hit rate," P(Y /SN), and 
"false alarm rate," P(Y /N). Figure 38b gives a matrix with a distribution of total 
responses that might result from the balanced payoff matrix of Fig. 37a and a crite- 
rion located at 1 in Fig. 36c. These are all fictional values and results. Likewise, the 
response pattern of Fig. 38c is a likely result of the liberal payoff matrix (Fig. 37b) 
and a criterion located at 0 in Fig. 36c. On the other hand, the response distribution 
of Fig. 38d is a hypothetical result of the conservative payoff matrix (Fig. 37c) and 
criterion 4 in Fig. 36c. 
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Fig. 38. Response matrices in signal detectability theory (see text). Entries are 
percentages of total response for the given stimulus condition: SN (signal plus noise) 
or N (noise alone). 

It is necessary to use both the hit rate and the false alarm rate when describing 
performance in a detection problem. The miss and correct rejection rates give no 
additional information but may be calculated when the hit and false alarm rates are 
known. 

There is, therefore, an interrelationship among criterion, hit rate, and false alarm 
rate. A criterion placed to the right of the mean of the SN distribution results in few 
hits and many misses, on the one hand, but few false alarms and many correct rejec- 
tions, on the other hand. As the criterion is moved toward the mean of the N distri- 
bution, the hits increase and misses decline, but false alarms increase and correct 
rejections decrease. 

The TSD response matrix has two degrees of freedom. Classical threshold tech- 
nique, on the other hand, has only one degree of freedom because false alarm data 
usually are not considered in the calculation of observer sensitivity. It is because of 
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the information contained in both hit and false alarm rates that TSD is able to sepa- 
rate sensory and nonsensory processes. Threshold methodology does not make use 
of all the information available in the response matrix. Many investigators, when 
making threshold determinations, work only with highly trained subjects; this can 
reduce false alarms to near -zero frequencies, but also makes false alarm rates unin- 
formative. 

No single response matrix is adequate to describe an observer's performance, be- 
cause an estimate of the shift in observer criterion is also necessary; a minimum of 
two criterion points must be determined in order to estimate criterion variation. 

TSD experimental results are typically summarized by a curve known as a receiver 
operating characteristic (ROC), also referred to as an isosensitivity curve. The ordi- 
nate describes the observer's hit rate, P(Y /SN), and the abscissa describes the false 
alarm rate, P(Y /N). A given response matrix is plotted as a single point; Fig. 39a 
shows the plot of values contained in the matrix of Fig. 38b. With a given set of 
signal and noise parameters, the ROC plot can be extended by providing several cri- 
terion levels. Figure 39b illustrates the effect of adding the matrices in Fig. 38c and 
38d to 38b. These three points describe the ROC function. Plots of multiple criteria 
with a single set of signal and noise parameters will typically result in a negatively 
accelerating curve located in the upper left quadrant. The ROC can also be deter- 
mined by varying the probablity of stimulus occurrence while holding stimulus 
intensity constant. 
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Fig. 39. Receiver operating characteristic (ROC) functions in signal detectability theory. 

The variable criterion method of determining the shape of the ROC curve can be 
accomplished in two ways. Separate criteria may be established during separate test- 
ing sessions, as described above, or a multiple -point rating scale may be used. In the 
latter case, the subject expresses confidence in each decision according to some pre- 
determined and arbitrary scale. This method permits calculation of several criterion 
points and the entire ROC curve can be determined during a single session. 
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An Index of Detectability 

A major characteristic of a plot of the ROC is the positive diagonal, extending 
from P(Y /SN) = 0, P(Y /N) = 0, to P(Y /SN) = 1, P(Y /N) = 1. Points falling on this 
line represent chance responding, in which case P(Y /SN) = P(Y /N); thus, the diago- 
nal is known as the chance line. As detection efficiency increases, the ROC moves up 
and to the left, away from the chance line. The greater the distance of the ROC 
curve from the chance line, the greater the detectability of the stimulus. Perfect 
detection is indicated if the ROC touches the point P(Y /SN) = 1, P(Y /N) = O. In- 
creased stimulus detectability may result from either increased stimulus intensity or 
increased observer sensitivity. 

The ROC curve can be defined by a single parameter, d', the index of detectabil- 
ity. This index essentially reflects the distance of the ROC curve from the chance 
line. Several other measures of observer sensitivity have been used, but d' has re- 
mained the most common. One method of obtaining d' is to transform the two ROC 
axes to standard score (Z) values and plot the standardized ROC. From the point on 
this Z -score curve where hit rate equals 0 a line is drawn vertically to the abscissa, 
and the Z score at the intercept is the d' score for the ROC in question. There are 
more direct, purely quantitative methods of calculating d', but they will not be 
treated here (see Wheeler et al., 1971). 

If the assumption of equal variances for the N and SN distributions is not met, the 
ROC curve will display some degree of skew. When the SN distribution has the 
greater variance, then the ROC skew will be in the direction of P(Y /SN) = 1, P(Y /N) 
= 1. (See the N and SN distributions and the resulting ROC curve as depicted in Fig. 
40a.) On the other hand, if the N distribution exhibits greater variance, then the 
ROC skew will be in the direction of P(Y /SN) = 0, P(Y /N) = 0 (Fig. 40b). In either 
case, the d' measure as described above will be biased by the degree and direction of 
skew resulting from differences in variance between the N and SN distributions. 
Other quantitative indexes of sensitivity have been developed to eliminate the bias 
due to unequal variance, but Swets (1964) provides evidence to support the position 
that the effect of unequal variance on d' is minimal. In addition to /3 an estimate of 
the observer criterion may be obtained by forming a ratio of the hit rate and false 
alarm rate for any criterion point on the ROC curve (Swets, Tanner, and Birdsall, 
1961 ; Strickland and Rodwan, 1964). 

In summary the theory of signal detectability deals with four primary factors: 
(1) the assumption that a continuous and continuously varying background noise 
exists, (2) the assumption that the signal to be detected is embedded in this noise, 
(3) the observer criterion, and (4) observer sensitivity. The performance of an ob- 
server in a detection task is always a function of items 3 and 4. 

The early goals of signal detection research were to demonstrate the stability of 
the detectability index, d', regardless of methodology, and to show that d' is not 
affected by changes in subjective criteria. This early research has provided consider- 
able support for these basic assumptions of TSD. 

In many applications of TSD, the value of d', or the distance between the N and 
SN distributions, is known only to the extent that it can be determined from the 
ROC data obtained from experimental observers. The process, however, may be 
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Fig. 40. ROC functions and associated N and SN distributions. 

reversed, with d' determined by objective measurement of signal and noise character- 
istics. If a tone (signal) of known frequency and amplitude is embedded in "white 
noise" of gaussian distribution with objectively determined characteristics, it is pos- 
sible to calculate the value of d' for the "ideal observer," upon which TSD is based. 
It is then possible to compare the performance of a real observer with the ideal ob- 
server. Differences between the two provide a basis for the formulation of models of 
the human observer (Jeffress, 1964). Data obtained from human observers reveal 
detection efficiency consistently below that expected from the ideal observer. It is 
felt that this less -than- optimal performance is a result of degradation of stimulus 
information prior to arrival at some hypothetical decision mechanism (Marx, 1963). 

In reviewing the earlier psychophysical literature, it becomes clear that reexamina- 
tion of findings based on the threshold concept is in order in many cases. A change 
in threshold can be the result of a change in the criterion or in sensitivity. Our 
studies described on pages 26 through 45 serve as an example. In them we examined 
the effects of knowledge of results (KR) on signal detectability in visual nonsense 
forms. The somewhat surprising result was that, at least in our experimental condi- 
tions, KR had little effect on signal detectability; it did have an effect on observer 
performance, but this was reflected in changed criteria rather than changed sensi- 
tivity. Should such findings generalize to other KR paradigms and experimental con- 
ditions, much of the KR literature would require reexamination. 
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Similarly, Bernstein and Eriksen (1965) used TSD methodology to reexamine the 
effectiveness of so- called subliminal stimuli, as reported earlier by Spence and Hol- 
land (1962). Bernstein and Ericksen found evidence that the earlier results were 
strongly influenced by the effect of the criterion on operational definitions of "sub- 
liminal"; these definitions had previously been determined by means of threshold 
techniques. 

The two examples cited here provide an indication of the importance of obtaining 
independent measures of sensory and nonsensory processes in the detection 
situation. 

Application of TSD 

It is a short step from the application of TSD to simple sensory detection prob- 
lems, such as those discussed above, to the use of TSD in more complex perceptual 
processes. 

In the case of visual perception, the noise can be some complex visual image, and 
the signal can be some aspect or characteristic that may or may not be present in the 
image. This approach may include applications to such problems as memory, learn- 
ing, and recognition. 

An early effort of this sort was Egan's (1958). He used TSD methodology to 
examine recognition memory for words. Subjects were familiarized with a list of 
words and then were required to identify (recognize) the familiar words (signals) 
when they were mixed with an equal number of words that had not been presented 
on the earlier list. By means of the rating technique Egan was able to determine an 
operating characteristic for memory and thereby evaluate the separation of the N 
and SN distributions. This separation of distributions was taken to indicate memory 
strength. Norman and Wichelgren (1965) have since suggested that, in using TSD in a 
recognition memory context, the response function be referred to as the "memory 
operating characteristic" (MOC). 

As a further example of the extension of TSD, Hickson (1968) used the rating 
scale method to determine the effect of frequency of signal occurrence on signal 
detection in a paired- associate learning task. In this method the observer is required 
to determine whether two words are correctly or incorrectly paired; the experi- 
menter has predetermined which words make a correct pair. This modification of 
standard paired- associates techniques is made necessary by TSD methodology. The 
interesting outcome for our present purposes is that the results, in terms of d' scores, 
show a distinct similarity to learning curves obtained by more traditional techniques. 
Hickson made the somewhat unexpected finding that d' was affected by signal prob- 
ability. He mentioned the possibility of interference effects when the proportion of 
noise trials is high. 

In 1970 Banks reviewed the use of signal detection theory and methodology in 
the study of memory, recognition, and recall. He found two primary benefits of 
TSD to be its ability to provide a measure of memory that is unbiased by the crite- 
rion, and that when the rating scale method is used, there is a minimum effect from 
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bias due to variations in the interpretations that observers attach to the rating cate- 
gories. Banks found TSD methods and results to be superior to previous methods in 
which percentage of correct responses was the measure but concluded that TSD is 
unsuitable for application to such problems as the investigation of the nature of the 
memory trace and, finally, suggested using Ci instead of ß as a measure of the crite- 
rion. Ci is the distance from the criterion to the mean of the SN distribution, mea- 
sured in terms of Z scores instead of standard deviations. The limitation of C. is that 
it can be used only in comparing points on the same MOC and only under the 
assumption of a gaussian distribution. Banks expressed the need for a completely 
general index of the criterion. 

The literature also contains discussions of TSD in relationship to such varied prob- 
lems as operant behavior (Nevin, 1969) and conceptual discrimination (Ulehla, 
Canges, and Wackivitz, 1967). 

More appropriate to our present interests are the efforts by Lusted (1969, 1971) 
to apply TSD methods to the process of the interpretation of the roentgenographic 
image. Once again, the key advantages of TSD are the separation of sensory and 
nonsensory processes and provision for a quantitative measure of each. In the analy- 
sis of roentgen images (chest x rays used for cancer detection, for example), both d' 
and ß are of equal importance. While it is desirable to have trained analysts exhibit- 
ing the highest possible sensitivity (d'), the criterion may become critical at either 
extreme. With a criterion that is overly liberal, so many false alarms occur that facili- 
ties may be overtaxed by the need for further tests and examinations. On the other 
hand, a criterion that is too conservative may result in many misses, with disastrous 
consequences. Lusted finds TSD techniques advantageous not only for evaluating 
the performance of radiologists but also for examining the effects of various types of 
image degradation on performance, thereby permitting determination of optimal 
technical trade -offs in the production process. TSD is also discussed as a possible 
tool in training technicians who could then reduce the work load of professional 
radiologists. 

An additional study that involved complex stimuli may be mentioned here. In an 
effort to develop a comprehensive method for evaluating image handling systems, 
Wheeler, Daniel, Seeley, and Swindell (1971), using computer generated abstract 
forms, examined the effects of contrast, grain size, and linear blur on the ability of 
observers to extract information from photograhic images of varying signal -to -noise 
ratio. The specific goal of this work was to examine the psychophysical effects of 
image enhancement or image retrieval programs and processes. 

The results of this study indicated that the technique provided a flexible and sen- 
sitive method for evaluating image processing techniques. The relative psychophysi- 
cal effects of the three image -degradation variables were clearly defined, and the 
technique permitted analysis of the various trade -offs involved in allowing one type 
of image degradation to increase in order to decrease another. 

The applications of TSD cited above are far from exhaustive. They serve, how- 
ever, to illustrate the sensitivity and applicability of TSD procedures in a broad 
range of investigations involving perception, learning, and memory. 
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Electro en cephalogra phy 

EEG and the Evoked Potential 

The electroencephalogram is a recording of the voltage potentials of the brain 
over time. These potentials were first recorded from the human by a German physi- 
cian, Hans Berger, in 1924. Since that time there has been a steadily growing effort 
to understand the electroencephalogram (EEG) and its relationship to stimuli and 
behavior. 

EEG recordings may be made from the surface of the brain or from the scalp by 
means of needle electrodes or plate electrodes. Most of the work to be discussed 
here involves the use of plate electrodes applied to the surface of the intact scalp. 
The origin of the EEG has not been fully clarified. Action potentials or slow genera- 
tor potentials of individual cells have been considered and potential changes, mod- 
eled as surface negative and surface positive dipoles, have also been suggested. 
Creutzfeldt and Kuhnt (1967) dispute the need for hypothetical models involving 
such constructs as dipoles. They contend that the observed surface potentials are the 
compound result of unit activity, including excitatory and inhibitory postsynaptic 
potentials, along with synchronous fiber activity. Further discussion of the genesis 
of the EEG will not be attempted here, but it should be noted that recordings at the 
scalp involve the activity of large numbers of cells located under the electrode and 
also the influence of neighboring cells. The distance between cortical tissue and scalp 
electrode results in some signal attenuation. These factors combine to result in re- 
cordings that are indicative of gross- potential changes rather than location- specific 
changes. Electrode displacements of 0.5 cm are sufficient to produce noticeable dif- 
ferences in the obtained EEG. 

Voltage amplitudes of the EEG range from 50 to 100 AV. A general classification 
has been made according to frequency, but recording displays do not often contain a 
single, pure frequency. The types (by frequency) are delta (1 to 2 Hz), theta (4 to 7 
Hz), alpha (8 to 12 Hz), beta (13 to 40 Hz), and gamma (40 to 60 Hz). Thus, with 
attenuation, lack of localization, and simultaneous mixing of frequencies, we are left 
with a "muffled polyneural roar" (Rosenblith, 1961). 

The most prominent frequencies generally observed in the waking adult are alpha 
and beta. The scalp location of most prominent EEG activity is at the posterior pole 
of the skull, over the occipital cortex of the brain. This is the area of the cortex 
most closely associated with the visual system. 

Correlations have been observed between EEG and such factors as sleep, atten- 
tion, arousal, drugs, brain damage, and age. 

The evoked potential (EP) is made up of those potential changes that are directly 
related to a specific stimulus. In most cases this stimulus is a light flash, or onset, 
having a fairly sharp rise time. These evoked potentials are buried in ongoing or 
background noise. While the time relationship between stimulus and EP is usually 
fairly constant for a given stimulus from presentation to presentation, the EP ampli- 
tude is seldom greater than 10 µV. It is, therefore, difficult or impossible to detect 
the EP visually in the raw EEG record. This problem has led to the development of 
signal- averaging techniques in the analysis of the EP. 
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The Averaged Evoked Potential 

The averaged evoked potential (AEP) is obtained by averaging temporally compa- 
rable portions of the EEG's that result from several repetitions of a given stimulus. 
The AEP is based on the assumption that components of the EEG that are directly 
related to a stimulus are relatively constant in time, phase, and amplitude, whereas 
noise or background EEG activity is assumed to be random. Random noise tends to 
average in accordance with a random walk model: as the number of repetitions is 
increased, the noise average tends toward a straight line. The embedded signal, on 
the other hand, is enhanced as the number of repetitions is increased. The signal -to- 
noise ratio is directly related to the square root of the number of repetitions (N) (see 
Fig. 41a). With an N of 4, for instance, the signal -to -noise ratio is 2, with an N of 25 
the ratio is 5, and so on. With conditions of high noise or low signal amplitude, 
values of N as high as several thousand may be useful. One hundred to several hun- 
dred repetitions are, however, more common. 

Each of the N samples, or windows, taken from the raw EEG record must have 
the same time relationship to the stimulus. This is often ensured by making a single 
device control the stimulus presentation and engage the signal averager (Fig. 41b). 

Early efforts with averaged evoked potentials consisted of studies of the relation- 
ships between AEP and such stimulus parameters as amplitude, duration, frequency, 
and retinal area. Several investigators have, for example, explored the effect of stim- 
ulus intensity on the AEP in man (Vaughan, 1966; DeVoe, Ripps, and Vaughan, 
1968; Shipley, Jones, and Fry, 1968; among others) with intensities ranging from 
the brightest comfortable flash down to absolute threshold. The results generally 
show that as stimulus intensity is reduced, the AEP is reduced in amplitude and 
complexity and the latency of its components is increased (Perry and Childers, 
1969). Similar evidence has supported the additional conclusion that the compo- 
nents of polyphasic AEP's are independent and are produced by different cortical 
generators (Perry and Childers, 1969). In contrast to Vaughan (1966), Libet et al. 
(1967) found evidence of what they term subliminal evoked potentials related to 
somatic stimuli. That is, they found evoked potentials at stimulus intensities below the 
absolute threshold of the somatic stimuli they used. In view of the discussion in an 
earlier section of this paper, it is possible that these results were related to the psy- 
chophysical methods they used for determining the threshold. This would fit well 
with the findings of Bernstein and Eriksen (1965) concerning subliminal stimulation. 

Applications of the AEP 

The analysis of evoked potential correlates of stimulus parameters has not been 
limited to such comparatively simple stimulus characteristics as wavelength and 
intensity. There has been a steady growth in the number of reports concerned with 
more complex stimulus conditions. 

Spehlmann (1965) investigated the effect on the AEP of the projection of pat- 
terned light on the retina. The pattern consisted of a black and white checkerboard, 
and the AEP response to this was markedly different from the AEP obtained from a 
continuous field. The pattern, when compared with unpatterned stimuli, produced 
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Fig. 41. (a) Representative records with increasing stimulus repetition. 
(b) Schematic diagram for recording averaged evoked potentials. 

an increase in the amplitude of a late positive wave that peaked at about 200 msec. 
This pattern effect was enhanced as the check size was reduced. An additional find- 
ing of considerable interest was that when the patterned stimulus was viewed 
through a +10 diopter lens, which blurred the image beyond the subject's ability to 
compensate, the AEP was like that found in response to the unpatterned stimulus. 
Spehlmann also manipulated attention levels by employing observer tasks such as 
listening to background noise, listening to a story, performing mental arithmetic, or 
pressing a switch in response to each flash. The results were not clear -cut, but 
Spehlmann reported that there was some modification in the amplitude of the late 
positive wave. 
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Rietveld and his associates (1967) conducted a comprehensive reexamination of 
the evoked responses to checkerboard stimuli. They examined such variables as 
check size, flash intensity, retinal locus, and retinal orientation. They also compared 
AEP's from blank and checkered stimuli with AEP's from striped, triangular, or 
diamond -shaped stimuli. Check size was varied such that the retinal image of one 
check ranged from 1 min to 40 °. The AEP's obtained with checked and unpatterned 
stimuli confirmed the components reported by Spehlmann (1965). After comparing 
AEP's from blank and patterned stimuli, these authors found that AEP's from pat- 
terned stimuli displayed changes in amplitude, latency, and sign, but that no entirely 
new components appeared. The maximum pattern effect in the AEP was found 
when check size equaled 20 min at the retina. Size changes in either direction from 
this value resulted in decreases in amplitude. 

Intensities of 0.5, 3.0, and 10.0 mL were explored. Within this range the compo- 
nents associated with patterned stimuli increased in amplitude as stimulus intensity 
was increased. Concerning retinal locus, the results of Rietveld et al. confirm previ- 
ous findings: a major portion of the evoked potential is related to foveal stimulation. 
When the stimulus is limited to the periphery, AEP amplitude is significantly re- 
duced. Retinal orientation of the stimulus pattern, however, appeared to have no 
effect on the AEP. 

A somewhat unexpected finding was that the AEP in response to striped stimuli 
resembled that obtained with blank fields. The authors conclude that the AEP to 
checked stimuli is due in large part to the presence of intersecting contrast borders. 
To explore this idea further a series of diamond patterns of varying acuteness of 
angle was presented and it was found that as the divergence from a right angle be- 
came greater the pattern components of the AEP were reduced in amplitude. 

Harter and White (1968) reexamined the effects of reduced contour sharpness by 
an opthalmic lens method similar to Spehimann's (1965). Harter and White, how- 
ever, used a series of seven lenses ranging in steps from +6 diopters to -6 diopters. 
They found the AEP to be a highly sensitive indicator of defocused -image degrada- 
tion. Since then, these authors have employed the AEP as a tool in determining 
refractive error. 

Eason, White, and Bartlett (1970) also used checkerboard patterned stimuli to 
examine the effect of stimulus location in the visual field and its interaction with 
check size. Results indicated that patterned stimuli presented to the lower visual 
field (upper retina) resulted in higher amplitude AEP's than did presentations to 
either the lower or central fields. Intermediate check sizes (20 through 58 min) 
yielded the greatest amplitudes when presentation was to the central or lower fields. 
In the upper field, however, the greatest amplitude was found with the smallest 
check size tested (9.4 min). 

This discussion of studies involving the use of patterned (checkerboard) stimuli 
has emphasized the large number of stimulus -presentation variables to which the 
AEP is sensitive. In many cases these effects hold true for more complex stimuli and 
also for experimental designs requiring a response on the part of the observer. 

The studies cited have dealt primarily with manipulation of parameters such as 
stimulus location or orientation on the retina. Sutton et al. (1965) attempted to 
examine subjective factors while holding stimulus parameters constant. Their goal 
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was to determine the effects of stimulus uncertainty on the AEP. Four factors were 
manipulated: probability of stimulus occurrence (1.0, 0.33, 0.66); modality (visual, 
auditory); location in time after a warning signal (180 msec, 550 msec, 980 msec), 
and intensity (soft, loud) in the case of auditory stimuli only. Prior to each trial, the 
observer also guessed which stimulus would occur, or when. Subsequent averages 
were separated according to correct and incorrect guesses. The primary component 
associated with stimulus uncertainty was a large amplitude (up to 20 µV), long 
latency (300 msec), positive wave associated with the occurrence of a stimulus that 
eliminated uncertainty. An identical stimulus, occurring with complete certainty as 
to time, type, and probability, resulted in an AEP that did not display this compo- 
nent or in which the component was difficult to detect. Reducing the probability of 
stimulus occurrence from 0.66 to 0.33 resulted in some enhancement of the uncer- 
tainty component. Incorrect guesses concerning the occurrence of uncertain stimuli 
resulted in enhancement, as compared with trials in which stimulus occurrence was 
guessed correctly. The appearance of the positive component was also related to the 
stimulus dimension to which the observer was attending. When the observer was 
attending to stimulus loudness (having been instructed to guess whether the stimulus 
would be loud or soft) the AEP was not sensitive to probability of stimulus occur- 
rence. The uncertainty component was also observed when the nonoccurrence of a 
stimulus at a specific point in time served to reduce uncertainty. When, for instance, 
the observer was instructed to guess whether a stimulus would occur or not at the 
end of a certain interval following a warning signal, then the lack of signal eliminated 
uncertainty. Under the nonoccurrence conditions, however, the positive component 
was considerably attenuated. 

Lifshitz (1966) attempted to reexamine the effect of subjective factors by using 
pictorial stimuli of varying emotional content. He employed high- interest art photo- 
graphs and scenic photographs. The art stimuli were photographs of nude females, 
and the observers were males. There was a significant difference in the AEP to art 
versus scenic stimuli. On the other hand, when the scenic and art stimuli were 
blurred, the resulting AEP's were similar. The art AEP's were characterized by a 
10 -V negative component peaking at about 255 msec. As the images were progres- 
sively blurred, this component gradually disappeared. There remains the possibility 
in this work that such factors as fixation, eye movement, and contour effects were 
not adequately controlled. 

In contrast with the manipulation of subjective states and stimulus parameters 
such as those discussed above, a few investigators have sought to examine the rela- 
tionship between the EEG and the process of signal detection on the part of the 
observer. Isgur and Trehub (1971) studied the relationship between evoked poten- 
tials and day -to -day and moment -to- moment fluctuations in detection efficiency. 
They presented a continuous 16 Hz flicker to the observer. The signal that the ob- 
server attempted to detect was a slight dimming in flash intensity for a period of 5 
sec. The evoked potentials in response to the ambient (prestimulus) flashes were ex- 
amined at the time of, and just prior to, stimulus arrival. The method of analysis was 
to filter out all but 16 Hz EEG components and then to integrate the remainder. 
The results indicated a close relationship between detection efficiency and the 
amplitude of evoked brain output on a day -to-day basis. There was, however, little 
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correlation between evoked potentials and detection efficiency on a moment -to- 
moment basis within a given session. The authors concluded, "It is suggested that 
the scalp- recorded evoked response of the brain reflects changes in general arousal, 
but does not reflect fluctuations in attention per se" (Isgur and Trehub, 1971). 

Combinations of Signal Detectability Theory and Electroencephalography 

In this chapter we have examined two comparatively recent approaches to the study 
of sensory and perceptual processes in man: (1) the theory of signal detectability 
and (2) the cortical evoked potential. The two approaches may be combined in the 
study of such activities as information retrieval from complex images. Up to this 
point no clear -cut examples of such research have been discussed, and very few of 
them exist in the literature. A discussion of three attempts to combine the two pro- 
cedures will be presented here. 

Rubin and McAdam (1972) examined cortical potentials preceding a motor acti- 
vity and the correlation of these potentials with accuracy in a recognition memory 
task. Although these authors did not specifically set out to use TSD methodology, 
their experimental design resulted in procedures that satisfy a TSD rating -scale pro- 
cedure. Observers were first instructed to familiarize themselves with a list of words 
and, subsequently, they examined a group of words one at a time. Half of these 
words came from the list previously examined. The task was to determine whether a 
given word was familiar or new. The response was made on a 9 -point rating scale. 
When the observer was prepared to respond verbally by selecting a number from the 
rating scale, he first indicated his readiness by pressing a key. Evoked potential aver- 
ages were obtained for the 1.5 sec preceding the button press. The averaged cortical 
potentials indicated a 5 to 8 µV positive component that occurred at 500 to 600 
msec prior to the response. This component occurred under conditions of high con- 
fidence of detection of signals (familiar words). The authors did not, unfortunately, 
provide any measures of d' or of the criterion. 

In a study using auditory signals, Hillyard et al. (1971) examined the evoked 
potential as a function of signal detection in the presence of continuous background 
noise. A warning light preceded the test signal by 750 msec. The signal was a 1000 - 
Hz tone of 50 -msec duration, presented randomly with a 0.5 a priori probability of 
occurrence. A second light signaled that the observer was to respond (yes or no). No 
effort was made to produce a criterion shift. The d''s were, therefore, calculated on 
the basis of one ROC point. On hit trials a positive component occurred with an 
amplitude varying between 10 and 20 µV with a peak latency of about 300 msec. 
This component was significantly smaller or completely absent on the miss, false 
alarm, and correct rejection trials. Signal intensity was varied in order to cause shifts 
in d'. As d' increased the detection component increased up to d' values of 2.5 (or 
about 90% correct responses); with higher detection efficiency, the amplitude of the 
component was reduced. The authors believed that this result precluded the possibil- 
ity that the component was of purely sensory origin. In a further test identical 
stimuli were presented while the observer remained completely passive. In this case 
the component in question was absent or highly attenuated. It was observed, finally, 
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that the signal intensity at which detection was greater than chance coincided with 
the intensity at which an evoked potential appeared. 

The last study to be discussed here (Rasmussen, 1972) was an examination of the 
parameters of the visual evoked response to threshold -level stimuli under a signal 
detection theory paradigm. Observers viewed a dim, one degree, visual target pre- 
sented to the fovea. The actual stimulus was a threshold -level increase in the target 
intensity. This intensity change was present on only half of the trials, with signal and 
no- signal trials randomly mixed. Stimulus presentation was binocular. After each 
trial the observer responded on a five -point rating scale. A long latency, low fre- 
quency component that began at about 250 msec after stimulus onset appeared to 
be strongly related to confidence of detection. These results were in agreement with 
those found by Hillyard et al. (1971). 

The primary benefit to be gained in examining AEP correlates of signal detection 
by means of TSD methodology is separation of sensory and nonsensory processes as 
shown in Fig. 42a and b. At any criterion point on the ROC curve four AEP's may 
be examined, one for each cell of the response matrix (Fig. 42a). Comparisons 
among these four AEP's permit differentiation of components resulting from various 
aspects of the detection process. 
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Fig. 42. Response relationships (based on the TSD methodology) that may be clarified 
by EEG analysis (see text). 
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For instance, AEP's to hits and misses (comparison I, Fig. 42a) are the result of 
identical stimulus input, instructions, and experimental conditions. The only differ- 
entiating factor is observer response, "yes" or "no." On the other hand, hits and 
false alarms (comparison II, Fig. 42a) differ only in stimulus input, with all other 
factors, including response, held constant. A comparison between hits and correct 
rejections (comparison III, Fig. 42a) is of interest because AEP'S to these two 
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responses have only accuracy in common; both entail high response accuracy, 
whereas the two remaining responses, misses and false alarms, entail low accuracy. It 
is possible that certain components of the AEP may be correlated with accuracy in 
the detection task. 

In addition to the comparison of AEP's obtained at a single criterion point, it may 
be profitable to examine changes in AEP's across criterion points. We may, for 
instance, investigate the effects of holding detectability (d') constant while varying 
the criterion (encircled by A in Fig. 42b), or across d' while holding the criterion 
constant (circle B). 

The purpose of applying TSD methodology in conjunction with proven electro- 
physiological techniques is to provide a method by which subtle effects of stimulus, 
criterion, and response variables may be separated. We are just at the beginning of 
the use of this combined approach. The possibilities appear to be worth much 
investigation. We now report a pilot study in which TSD and AEP were applied to 
quadrigon stimuli. 
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PILOT STUDY OF QUADRIGON 

DETECTABILITY WITH AVERAGED EVOKED 

POTENTIALS AND SIGNAL DETECTION 

RESPONSES AS DEPENDENT VARIABLES 

-G. W. Seeley and L. Wheeler 

We have completed a pilot experiment involving complex visual stimuli (quadrigons) 
and averaged, evoked visual potentials measured by means of electrodes located on 
the scalp over the visual cortex. Our principal goal was to investigate the feasibility 
of applying a combination of TSD methodology and AEP recording to our quadri- 
gon system of image evaluation. Positive results in such a study would be a basis for 
attempting a similar approach to the study of more complex, more realistic imagery. 

Our observers did, in fact, produce AEP's that differed in response to pointed or 
to slightly rounded quadrigons. Degree of certainty that the quadrigon was or was 
not pointed also appeared to affect the AEP's. Thus we now have confidence that 
our general methodology can be successfully applied to stimulus material of practi- 
cal interest to people whose work entails image interpretation or evaluation. 

Procedure 

The stimuli were 40 nonsense forms (quadrigons) selected at random from the 
available set of 500 (Wheeler et al., 1971). These were prepared as 35 -mm slides with 
black forms on clear surrounds. Two conditions existed for the entire set of 40 stim- 
uli: (1) pointed at all exterior and interior angles, and (2) slightly rounded at all 
angles (1 /4 -in. rounding at the original scale of the materials, which was an 81/2-in. by 
11 -in. format). The resulting 80 quadrigons were randomized (two separate se- 
quences) for presentation to observers. The average long dimension of a quadrigon, 
back -projected on a translucent screen, was 3 in. Exposure duration was 8 msec. A 
300W carousel projector with a tachistoscopic shutter (tripped by a signal from a 
punched tape) was the source of the stimulus images. The screen -to -observer dis- 
tance was 9 ft. Figures 43 and 44 are schematic representations of the experimental 
equipment. Stimulus occurrence produced a clear signal in the EEG records. 

Two observers, in 15 sessions each, made from 1500 to 2000 responses each, to 
stimuli in the conditions described above. The pointed or rounded character of the 
quadrigons constituted the discrimination task presented to the observer. Responses 
were of two kinds: (1) involuntary, electroencephalographic output from the visual 
cortex, and (2) voluntary finger pressure on one of five keys representing degree of 
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Fig. 43. Schematic diagram of equipment for experimental control and data recording 
(adapted from Rasmussen, 1972). 
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Fig. 44. Schematic diagram of equipment in preparation of averaged evoked potentials 
(adapted from Rasmussen, 1972). 

certainty that the stimulus was either pointed or rounded. The certainty scale was: 1 

= positive rounded, 2 = relatively certain rounded, 3 = can't decide, 4 = relatively 
certain pointed, and 5 = positive pointed. A set of certainty responses are shown in 
Table 11. Cell entries in this table represent the number of responses at present ana- 
lyzed for observer 2. Observer 1 had fewer than 32 responses in each of the two cells 
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marked with asterisks, even after 15 recording sessions. His discriminative per- 
formance was so accurate that it was rare for him to be certain that a pointed 
quadrigon was rounded or vice versa. Observer 2, on the other hand, was responsible 
for a larger number of entries in these two extreme response -error cells; her cor- 
rected vision is 20:20 versus 20:11 uncorrected for observer 1. 

Table 11. Response frequency. 

Stimulus Positive Relatively Can't Relatively Positive 
condition rounded certain rounded decide certain pointed pointed 
Rounded 128 100 32 32 *32 
Pointed *32 32 32 100 128 

The cell entries in the foregoing table sum to 648 and comprise a random 
selection of less than half the total responses recorded for observer 1. To compute 
average EEG voltages covering a 1000 -msec period following stimulus onset for 
the responses analyzed required 11 days (8 hours per day) of tape transport and 
calculation by the CAT (computer of average transients). This time period refers 
to analysis of about half the responses obtained from both observers. The tape 
records of each stimulus- response pairing contain information shown schematically 
in Fig. 45. 

Response and 

Stimulus slide placed in 
stimulus code 

Ready signal P Stimulus Analysis inserted on 
to observer projection position, 8 cosec begins tape 

3000 msec 
o 

I 'I 
1 1.6 H I 

3000 msec of record, 11000 msec of record j ij 
available for future analysis 1 in present analysis 1 40 msec, 

I delay time 
IPP Recording occurs in this direction. 

Analysis occurs in this direction. 

Fig. 45. Schematic diagram of temporal relationships during an observation trial. 

In each observation trial there were a ready signal (beep) to the observer, a 
3000 -msec delay while the automatic machinery prepared to project the stimulus, 8 
msec of stimulus display, a 1000 -msec post -stimulus -onset period, a double beep tell- 
ing the observer to make his confidence response, and insertion of a response and 
stimulus code on the tape. EEG records were obtained simultaneously from the 
inion and the vertex for the 4000 -msec period following the ready signal. 

During compilation of the averaged evoked potentials, the tape was run in reverse. 
The computer searched for the code representing the stimulus- response configura- 
tion being averaged at the moment (one configuration for each cell of the table pre- 
sented above) and triggered the CAT when such a code occurred. After a 40 -msec 
delay 1000 msec of EEG voltage record were placed in the CAT for the given trial, 
ending with the time of stimulus onset. The remaining 3000 -msec sections of EEG 
record, prestimulus onset, have not yet been examined. 
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Results 

Fifty -eight graphs have been prepared, representing the averaged evoked potentials 
from the two observers for 32 -trial and 128 -trial averages and comparing many of 
the stimulus -response configurations shown in Table 11. Examples of these graphs 
are presented in Figs. 46 through 51. 

More detailed results will be reported when our analyses have been completed. 
Differences in the averaged EEG records, as functions of the stimulus type (pointed 
or rounded) and of the accuracy of an observer's response, are substantial. Response 
certainty also appears to have affected the form of the AEP. Our data, when sub- 
jected to pattern analysis, should yield much information concerning the character- 
istic changes that occur in the AEP as observers respond discriminatively to complex 
stimuli. Figures 46 through 51 depict some of these changes graphically, and we 
expect to be able to quantify the differences according to some minimal set of 
parameters. 

"Certain 
pointed" 

"Relatively 
certain 
pointed" 

"Can't tell" 

"Certain 
rounded" 

Relatively 
certain 

rounded" 

512V 

J 100 msec 

Fig. 46. Averaged evoked visual potentials in 
response to pointed ( ) or rounded (- -) 
quadrigons for observer 2, after 32 trial aver- 
ages, five response certainty conditions. 
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Fig. 47. Comparison of highly certain, correct responses to 
pointed ( ) and rounded (- -) quadrigons. 

78 



;: 
' Observer 1, 128 trials 

ti 

Observer 1, 32 trials 

+1 

100 msec 

Observer 2, 100 trials 

Fig. 48. Comparison of relatively certain, correct responses to 
pointed ( ) and rounded (- -) quadrigons. 
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Fig. 49. Comparison of doubtful responses ( "Can't tell ") to 
pointed ( ) and rounded (- -) quadrigons. 
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Fig. 50. Relatively certain, incorrect responses to 
pointed () and rounded (- -) quadrigons. 
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Observer 1, 
2 trials pointed, 16 trials rounded 

5 µV+ L 
100 msec 

it 

tr , I 
-; ii 

Observer 2, 32 trials 

Fig. 51. Highly certain, incorrect responses to 
pointed ( ) and rounded (- -) quadrigons. 

Discussion 

This pilot study was not highly sophisticated in terms of experimental design. It did 
not include control trials consisting of blank stimulus fields. We did not examine 
trials in which the observer made no response. We did not vary stimulus luminance, 
retinal position, or contrast. These possible experiments, together with investigations 
of more complex images, are part of our future research program. 
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APPENDIX A. 
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APPENDIX B. 

INSTRUCTIONS TO OBSERVERS 

Accurate detection and recognition of objects on the ground, by means of photo- 
graphs taken from aircraft or spacecraft, is an important problem today. The 
present experiment is a simplified version of this problem. We are going to show 
you, one at a time, several hundred photographs of single objects. Each object 
was different from the others, and we will ask you to make one decision about 
each object. Some of the objects had pointed angles, both interior and exterior, 
and looked like this (demonstrate with pointed model). Some of the objects were 
rounded off at all corners like this (demonstrate with rounded model). Even a 
very slight rounding means the object was not pointed. For each photograph that 
we show you, we want you to tell us how certain you are that the original object 
was a pointed one or not. Many of the photographs will be poor, just as they 
might be in real life. They may be blurred, grainy, low in contrast, and so on, but 
you should pay no attention to this. You should think about the object that was 
photographed, not about the resulting picture. 

To make your replies as rapid and accurate as possible, we ask you to report 
one of the numbers shown on this card (give certainty -of- response card to subject) 
when we show you each photograph. For instance, nine means "I am absolutely 
certain that the photographed object was pointed. It was not rounded." Seven 
means "I am fairly certain that the object was pointed, not rounded." Five means 
"I'm just guessing, but the object might have been a pointed one." And zero 
means "I am absolutely certain that the photographed object was not pointed. It 
was rounded." 

In other words we are asking you to put a numerical value on your own degree 
of certainty that each object was a pointed one or not. Please use the full range 
of certainty numbers if you possibly can. This will produce much better results 
for the experiment as a whole. Do you have any questions before we start? .... 
(Do not tell observers the frequency of pointed objects or the total number of 
objects.) Just give me one number, from nine through zero, that shows how 
certain you are that the original object was pointed or not. 
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APPENDIX C. 

QUADRIGON BLURRING AND DEBLURRING 

-F. V. Richard 

The Analog Processing Machine 

The analog image processor is a device for performing convolutions of an object pho- 
tograph with an aperture shaped according to the type of processing desired 
(Swindell, 1969). Convolution is performed by translating a projected image of the 
photographic transparency across the aperture and, with a photodetector, integrat- 
ing the net light intensity transmittted by the aperture. The signal from the photode- 
tector then modulates a glow tube that writes the processed image on an unexposed 
film, line by line (see Fig. 52). 

Photodetectors 

Axial translation 

Original 
transparency 

4 

Processing masks 

Electronics 

Rotating drum 

Unexposed film 

j- Glow tube 

Light source 

Fig. 52. Schematic diagram of analog image processor. 
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To perform this operation, the original photograph and an unexposed film (each 4 
in. by 5 in.) are attached to opposite sides of an axially translating, rotating drum. 
The original photograph is projected during half the rotational cycle onto the pro- 
cessing aperture where the convolution takes place. The photodetector signal modu- 
lates the intensity of the glow tube, which is focused onto the unexposed film. Thus 
the processed version of the original photograph is obtained at the same time the 
original is scanned. One line of the processed image is written during each rotation 
of the drum. Line -scan frequency was 80 lines per in. on the film for the present 
experiment; in the final stimulus images the frequency was 110 lines per in. 

The Blur Aperture 

A narrow, rectangular slit (the processing aperture or mask) produces linear or one - 
dimensional blur in the stimulus image as follows: If the original photograph is a 
transparent spot, the translation of this spot along the length of a rectangle, during 
the convolution process, yields a signal from the photodetector that lasts as long as 
the spot can be seen through the rectangle. The spot then appears as a line on the 
processed film. Because every photograph is composed of spots of varying transpar- 
ency, the result of processing with this mask is a blurred picture. The direction of 
blur depends on the orientation of the mask. 

For the present work the mask was oriented at 45° to the long dimension of the 
picture. The width of the mask was 0.21 mm, and its length was 6, 10, or 14 mm, 
depending on the amount of blur desired. The masks were made by photographing 
strips of black tape that had been cut to the proper dimensions and attached to a 
sheet of white cardboard. The black areas surrounding the transparent slits were 
thoroughly opaque. This photography involved a 4 -in. by 5 -in. Graflex camera, 
Kodalith Ortho film (Type 3), and Kodalith A and B developer solutions in equal 
amounts. 

The Blurring Procedure 

The unblurred psychophysical stimuli were prepared as 80 4 -in. by 5 -in. positive 
transparencies, each depicting one stimulus form. These transparencies were divided 
into four groups that were to have, respectively, 0, 6, 10, and 14 mm of one - 
dimensional blur. The appropriate mask was placed in the positive channel of the 
processor (for more complicated masks both a positive and a negative channel are 
required) and the photograph to be blurred was placed in the open side of the drum 
(See Fig. 52). 

The drum was then rotated manually to place the brightest part of the picture on 
the mask. Amplification in the positive channel was adjusted to produce a photode- 
tector output of 6 mA. The drum was rotated so that the picture and mask did not 
overlap, and bias was adjusted to approximately 0.1 mA. With the room lights off, 
unexposed film was placed on the drum, and the lamp switch was turned on. When 
the ready light in this switch went on, drum rotation was started. Processing, with 
the room lights remaining off, took about 5 min. Electronic equipment involved in 
this procedure was always given a 1 -h warmup period. 
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As a preliminary step to both the blurring and deblurring procedures, it was im- 
portant to insure that the illumination across the clear processing aperture was con- 
stant within 5 %. This was done by placing a 4 -in. by 5-in. mask containing a pinhole 
on the open side of the drum and observing the constancy of the photodetector 
output as the image of the pinhole was translated past the clear processing aperture. 

The Deblurring Apertures 

Masks used in the deblurring procedure performed the operation of differentiation 
and consisted of two identical, clear, rectangular apertures, one in the positive, and 
one in the negative channel. The dimensions of these apertures were 1.25 mm by 
1.13 mm. They were made in the same manner as the blur masks. In order to per- 
form differentiation on the blurred images, the positive and negative apertures had 
to appear contiguously across the short dimension when optically superimposed (see 
Fig. 53). This was done by adjusting the relative horizontal and vertical positions of 
the two apertures, while viewing the backlighted masks through the beamsplitter. 
The long axis of each mask was oriented parallel to the blur direction. 

I mages of 
positive and 
negative masks 
are adjacent 

Fig. 53. Optically superimposed positive and 
negative masks in adjustment. 

The Deblurring Procedure 

In order to increase the signal level during processing, two additional lenses were 
added to the system. The first, located on axis inside the drum, imaged the lamp 
filament near the plane of the input film. The second lens, which was added to the 
normal imaging lens, increased the magnification at the processing plane to 4.9:1 (as 
compared with the 1:1 magnification used during the blurring procedure). 

Before any processing could be done, it was necessary to make contact transpar- 
encies of all the blurred stimuli. Appropriate results could not have been obtained 
without this step. Kodak Plus -X Pan Professional film was used and development 
was carried out as described below. 

Fine adjustment of the processing mask was accomplished as follows: a 4 -in. by 
5 -in. test pattern, opaque except for a transparent strip oriented at 45° perpendicu- 
lar to the blur direction, was placed on the drum. With the instrument operating, the 
output from the differential amplifier was observed on an oscilloscope. The gain in 
the positive channel was set at 40.0, and the negative channel was set at approxi- 
mately 67. The differential amplifier gain was adjusted as needed. When the relative 

86 



Fig. 54. Proper test response for correctly 
adjusted deblurring masks. 

Oscilloscope face 

horizontal and vertical positions of the two masks were correctly adjusted, the oscil- 
loscope trace was as shown in Fig. 54. Periodic checks of this adjustment were neces- 
sary, to ensure that electronic drift had not changed the balance between the posi- 
tive and negative channels. Channel balance affected the height of the central bar 
between the positive and negative peaks (see Fig. 54); this height was about 10% of 
the positive peak, when the balance was correct. 

It was convenient to process the contact transparencies of the blurred stimuli 
according to contrast ratio. Hence the combined 5:95 and 95:5 image films, the 
combined 25:75 and 75:25 films, and, finally, the 40:60 films were processed in 
separate operations. Because of variations in average density within a group, and vari- 
ations from group to group, the same instrument settings were not used for all pro- 
cessed results. Aside from the nominal values of the positive and negative channel 
gains indicated above, the differential amplifier gain had the following ranges: for 
the 5:95 and 95:5 groups the range was 45 X 102 to 75 X 102; for the 25:75 and 
75:25 groups the range was 10 X 103 to 20 X 103; for the 40:60 group the range 
was 30 X 103 to 65 X 103. The higher gain settings were used for input transparen- 
cies whose over -all density was higher than average. For all processed results, the 
glow tube bias current, which determined the background density of the results, was 
set at 3.5 mA. The bias was adjusted when no light was incident on the pro- 
cessing masks. 

The importance of maintaining a proper channel balance should be emphasized 
because this factor was the most susceptible to electronic drift and also had the most 
visually pronounced effect on the processed results. 

Development 

Development of the blurred, deblurred, and contact printed stimulus images was 
standardized. The film was in all cases Kodak Plus -X Pan Professional (ASA 125). 
The exposed films, in 4 -in. by 5 -in. holders, were placed in a daylight developer tank 
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(Angelus Color Tank) and each successive set of five was batch -developed in Kodak 
D -19 for 5 min with 30 -sec agitation intervals. The developer was then replaced by 
Kodak Stop Bath for 30 sec, followed by Kodak Rapid Fix for 4 min, with 30 -sec 
agitation intervals, followed by Edwal Hypo Clear for 2 min. The films were washed 
for 10 min, dipped in Kodak Photo Flo 200 solution, and dried in their holders. 
Each of the time intervals related to development included pouring time. 
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