
Reports 

Variations in Alpha Voltage of 
the Electroencephalogram 
and Time Perception 

Abstract. Human subjects were in- 
structed to respond regularly at 3- 
second intervals while their brain waves 
were recorded and analyzed. When 
subjects were alert the time between 
two successive responses did not vary 
greatly; however, as subjects became 
increasingly drowsy these times length- 
ened and the mean voltage of the peak 
alpha frequency decreased. 

In keeping with the commonly ob- 
served fact that monotony tends to 
induce drowsiness, the specific task of 
repeatedly tapping a telegraph key 
every few seconds without prompting 
for a long period of time not only 
tends to produce drowsiness but the 
variation in the time elapsing between 
successive responses provides an objec- 
tive index of changes in subjective time 
perception. The time between two suc- 
cessive key taps-the interresponse 
time (IRT)-constitutes an objective 
measure of subjective temporal equal- 
ity, inasmuch as the assigned task is to 
allow equal amounts of time to elapse 
between responses. Although from the 
subjective point of view the intervals 
are all judged to be equal, there is an 
objective lengthening of the intervals as 
the subject becomes drowsy. According 
to the terminology traditionally as- 
sociated with studies of time perception, 
the drowsy subject makes negative time 
errors, that is, underestimates the pas- 
age of time. Under the conditions of 
this experiment, judgments concerning 
the passage of time were most accurate 
when mean alpha voltage was high and 
negative time errors were related to 
decreases in the voltage of this fre- 
quency. These findings are in harmony 
with the work of other investigators 
relating alpha activity to consciousness 
(1, 2). 

Electroencephalographic (EEG) po- 
tentials from a transoccipital linkage 
(3) between electrodes applied to the 
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scalp with salt paste were amplified (4), 
filtered (5), integrated (6), converted 
from analogue to discrete form (7), 
and cumulatively recorded (8). The 
slope of the resulting cumulative record 
may be interpreted as a completely 
objective index of brain wave activity in 
the frequencies passed by the filter. 
While each subject was alert and re- 
laxed in the situation described below, 
the active band-pass filter (Q equals 
10 at 3 db point) was tuned to the 
peak frequency of his alpha range. 
After this initial tuning the filter was not 
changed during the rest of the session. 

The subjects employed in this study 
were 24 male university students, 
ranging in age from 21 to 28 years, 
selected for their ability to relax in the 
experimental situation. They were paid 
a moderate hourly wage for their par- 
ticipation in the experiment. These sub- 
jects were all good alpha generators; 
poor alpha generators were eliminated 
after a preliminary EEG examination. 
This selection was made solely to facil- 
itate measurement and description of 
the EEG variable; there is no reason to 
expect that otherwise normal subjects 
who happen to be poor alpha gener- 
ators would be unable to estimate time 
as well as good alpha generators. 

While being tested, a subject was 
isolated in an air-conditioned, light- 
proof, sound-attenuated chamber. He 
lay on a comfortable bed with his 
preferred hand in contact with an elec- 
trically shielded telegraph key. He was 
instructed to keep his eyes closed and 
to pace his responses (key taps) as 
regularly as possible at intervals of ap- 
proximately 3 seconds by counting 
silently "one, one thousand, two, one 
thousand, three, one thousand" and 
repeat, pressing the key momentarily 
(9) on each count of "three." If he 
failed to respond for too long a time 
(actually 90 seconds, but the subject 
was not informed how long), he was 
automatically alerted by means of an 
auditory signal delivered through a 
pair of earphones which he wore 
throughout the session. The alerting 

stimulus consisted of white noise from 
an audiogenerator (10) delivered in 
0.1-second bursts [on-off phases con- 
trolled by an electronic switch (10)] 
at intervals of 1 second, commencing 
at threshold intensity and increasing 1 
db with each successive burst. The 
subject was instructed to tap the key 
whenever he heard such a signal and 
then to continue to tap the key every 
3 seconds. A single response by the 
subject terminated the signal instantly. 
The recording attenuator (10) control- 
ling the intensity of the signals then 
automatically returned itself to the 
threshold setting. The subject received 
no information concerning the accuracy 
of his 3-second estimates other than 
the alerting signals after 90 seconds 
of nonresponding. This free arrange- 
ment allowed the subject to display the 
lability of his time estimates with mini- 
mal constraint. 

Each subject was given a training 
session prior to the testing session; 
these two sessions were never less than 
1 day nor more than 7 days apart. Only 
the data of the second, or testing, ses- 
sion are included in the results. Train- 
ing and testing were of somewhat vari- 
able duration, ranging from 3 to 4 
hours, depending upon a number of 
factors such as electrode failure, sub- 
ject discomfort, and so forth. 

The manner of recording is demon- 
strated in Fig. 1. The integrated EEG 
voltage is cumulated on the y-axis 
against time on the x-axis. In order to 
conserve space the original record has 
been telescoped along the x-axis (time); 
it may be reconstituted simply by drop- 
ping a line from the upper end of 
each record segment to intersect per- 
pendicularly with the x-axis and by 
moving the next segment of the record 
to the right so that its lower end is 
superimposed on the point of inter- 
section, and so forth. The key taps are 
represented on the record as momen- 
tary deflections. Each series of auditory 
signals is represented on the cumulative 
record as a sustained depression, indi- 
cated by an arabic numeral; the down- 
ward deflection marks the beginning 
of a signal series and the return to the 
base line marks the end. 

The entire cumulative voltage record 
of each subject's test session was ana- 
lyzed. Two different measures were 
made for each response: (i) time elapsed 
since the previous response, or IRT, 
and (ii) the mean slope of the cumula- 
tive voltage record during that IRT. 
The data were then tabulated into ten 
IRT categories and into 12 slope cate- 
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gories. The first nine IRT categories 
cover the range in 10-second intervals 
up to 90 seconds; the tenth IRT cate- 
gory contains all IRT's longer than 90 
seconds. Since the auditory signal was 
automatically introduced at 90 seconds 
of nonresponding, most of the responses 
in the tenth IRT category may be con- 
sidered to result from the prompting 
of the signal. Means were then com- 
puted for the slope scores in each IRT 
category. Finally, the means of the slope 
scores were normalized so that the 
highest value (always IRT category I) 
was taken as 100 percent and the means 
of all the other IRT categories were 
expressed as percentages of the score 
in the first category. These normalized 
mean scores for individual subjects are 
plotted as black dots in Fig. 2, and 
the arithmetic means of the normalized 
mean scores in each IRT category are 
connected by a heavy line. 

The data presented in Fig. 2 show 
that the mean voltages associated with 
IRT categories II through X are all 
distinctly lower than those associated 
with IRT category I. In addition, there 
is a decremental trend beginning with 
category II and extending to category 
V or VI; the means of the means of 
the first six categories are fitted by a 
straight line on log-log coordinates, 
indicating that this relationship can be 
described by a power function. Beyond 
category V or VI, however, there is no 
definite trend in evidence. This suggests 
the possibility that there is more infor- 
mation pertaining to the further length- 
ening of the IRT's (VI-X) to be found 
in other EEG frequencies, presumably 
in those somewhat slower than the 
alert peak alpha frequency. For ex- 
ample, Simon and Emmons (2) reported 
that the alpha frequency for the deep 
drowsy state (A-) was approximately 
2 cycles slower than in the alert state 
(0). It should be emphasized that since 
the band-pass filter employed in the 
present experiment was tuned to the 
peak of the alert alpha frequency dis- 
tribution, this would discriminate sharp- 
ly against a frequency 2 cycles slower. 
Furthermore, it is apparent from the 
Simon and Emmons study that voltage 
in the slower portion of the alpha range 
is not equivalent in its behavioral im- 
plications to voltage in the faster por- 
tion of the alpha range if alpha is 
defined as activity in the 8- to 13- 
cycle range. 

Two subjects remained sufficiently 
alert throughout their test sessions that 
they required no prompting signals. 
While these two subjects did not gene- 
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Fig. 1. Actual record of cumulative alpha 
voltage of EEG as a function of time. The 
record is telescoped (see text) along the 
x-axis (time) but the time between 9 and 
10 or between 12 and 13, for example, is 
90 seconds. 

rate any IRT's in the longer categories, 
their voltage decrements across cate- 
gories I-III were similar to those ex- 
hibited by the rest of the subjects. 

A few subjects became unusually 
drowsy in this experimental situation 
and had to be alerted repeatedly by 
auditory signals. Figure 1 shows a por- 
tion of the record obtained from one 
of these subjects. After an initial period 
of regular responding at high voltage 
(see "a"), there was a rapid, progressive 
fall in voltage and an associated length- 
ening of IRT's, culminating in the first 
signal series (see "1"). Between the 
second and the 14th series of signals 
the subject did little more than respond 
when prompted; during this time his 
alpha voltage was low-about one- 
fourth of the initial voltage in the test 
session. After the 14th signal series 
the subject returned for a while to spon- 
taneous responding (see "b") and ex- 
hibited an associated sharp rise in alpha 
voltage. Then his alpha voltage fell 
again, IRT's lengthened, and three more 
signal series ("15" to "17") were re- 
quired to elicit responding. There fol- 
lowed a long period of fairly steady 
spontaneous responding associated with 

high-voltage alpha (beginning at "d"). 
At times the changes in voltage and 

LJ 

IM 

Li_ a. 

20 --'---- I -s : 
O-?- : : : 

- 
. 

10 

TI m IVV VI V WK X 
INTER-RESPONSE TIME CATEGORIES 

Fig. 2. Alpha voltage of the EEG as a 
function of the time between responses. 

responding were of an abrupt "off-on" 
character (as at "c" and "d") whereas 
at other times the voltage and behav- 
ioral changes were more smoothly mod- 
ulated. When asked at the end of the 
test session how many times the signals 
had alerted him this subject replied, 
"I guess you caught me napping two 
or three times." Subsequent experi- 
mental probing of similar behavior 
seems to support the view that signal 
series which are not immediately fol- 
lowed by high-voltage alpha activity 
and spontaneous responding have a low 
probability of recall. It is possible that 
this finding is related to the observations 
of Dement and Kleitman (11) that 
dreams tend to be forgotten unless 
interrupted or closely followed by peri- 
ods of wakefulness. 

Subjects also reported that two dis- 
tinct subjective impressions were elicited 
by the auditory signals: (i) a state of 
subjective confusion and search pre- 
ceding the response, during which the 
subject tried to remember where he 
was and what it was he was supposed 
to be doing, and (ii) a more oriented 
response in which subjective impres- 
sions ("What happened?" "What was 
that?" "I must have dozed off." "My 
mind must have wandered.") followed 
the key tap which terminated the sig- 
nal series. Whether such responses can 
be differentiated on the basis of EEG 
records poses an interesting but diffi- 
cult experimental problem. 

It should be pointed out that a de- 
crease in alpha voltage may be asso- 
ciated with either an increase in voltage 
of slower frequencies in the case of 
drowsiness or an increase in the activ- 
ity of higher frequencies in the case of 
intense concentration or attention. The 
method of EEG analysis described in 
the present report does not distinguish 
between these two conditions because 
it ignores voltage changes in non-alpha 
frequencies. However, the relaxing con- 
ditions of the present experiment were 
designed to favor the induction of 
drowsiness and provide virtually no 
cause for intense concentration. The 
relationship between alpha voltage and 
timing behavior described in this re- 
port covers only the range of conscious- 
ness between "very drowsy" and "re- 
laxed, alert." The effect of more intense 
alertness (with associated desynchroni- 
zation of the EEG to low voltage, fast 
activity) upon timing behavior would 
be far more difficult to assess because 
of the great variety of possible behav- 
ioral concomitants; for example, intense 
concentration on the timing task might 

SCIENCE, VOL. 140 

ioo v------- 

so I 
90\' 

70 \ 

60 \ 
5~~~~~~~~~~~~~~~~ 

0 

s .\ ... 

10 _: i T 



enhance timing accuracy, whereas con- 
centration on anything else would prob- 
ably interfere with it. By contrast, the 
behavioral correlates of drowsiness are 
much simpler. 

The chief significance of the present 
study lies in the demonstration of a pos- 
itive relationship between two continu- 
ous variables, one of which is physio- 
logical (alpha voltage) and the other 
psychological (accuracy of time percep- 
tion). Presumably, this represents a way 
in which the quantitative physiological 
psychology of consciousness can be 
advanced beyond the limitations of 
arbitrarily defined "stages." While 
these data might tempt some to specu- 
late about the "slowing of a neural 
clock," it would seem that the deterio- 
ration of perception and memory asso- 
ciated with a decrease in quality and 
quantity of alpha activity reported by 
Simon and Emmons (2) for conditions 
of drowsiness is sufficient to account 
for the errors in time perception ob- 
served in the present study (12). 

JAMES ANLIKER 

Anesthesia Laboratory, Harvard 
Medical School, Massachusetts 
General Hospital, Boston 14 
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Redundancy in Children's Texts 

Abstract. The sequential constraints 
of pairs of letters were computed for a 
series of graded readers. Information in 
single letters is about the same for all 
texts. Redundancy decreases with in- 
creasing grade in a regular way, while 
mean word length increases. A third 
reader has about the same redundancy 
as simple adult text. The constraints 
in a first reader are considerable, 
whereas those in a fifth reader approach 
those in average adult text. 

There is good evidence that letter re- 
dundancy is a powerful determinant of 
the learning of verbal materials (1) and 
of the reconstruction of mutilated texts 
(2). That such contextual constraints 
affect the learning of similar material 
by children has been shown also (3). 
The application of information theory 
to the sequential constraints among the 
letters has permitted quantification of 
the letter redundancy in texts of varying 
difficulty (4). Children's graded read- 
ers are written on the assumption that 
a small initial vocabulary, increasing 
within a reader and within a series, 
yields texts that become progressively 
more difficult. If this is true, then se- 
quential constraints should decrease as 
the difficulty of the reader increases. 
As a first step toward quantification of 
language development in children, read- 
ing texts at levels 1, 2, 3, and 5 were 
compared with each other and with 
texts intended for adults. 

We have measured letter redundancy 
by using a slight modification of New- 
man and Waugh's (4) method. Our 
modification gives more precise esti- 
mates because of more extensive tables 
of log2 and addition of the Miller- 
Madow (5) bias correction for sample 
size computed at each stage in a se- 
quence. Contingency tables were con- 
structed, each of which showed the 
number of times that a given symbol 
was followed at step n to the right by 
every possible symbol, where n takes 
on the values 1, 2 ... , n. The number 
of symbols, a, was 28-the 26 letters 
of the English alphabet plus the space 
(for word length) and period (for 
sentence length). From these contin- 
gency tables, calculations were made of 

a 
'= - 

p(i) ogp(i) (1) 
i=l 
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in which H is the amount of informa- 
tion in bits and p(i) is the probability 
associated with each of the alternative 
symbols. This is just the information 

in which H is the amount of informa- 
tion in bits and p(i) is the probability 
associated with each of the alternative 
symbols. This is just the information 

contained in letters according to their 
relative frequency of occurrence, which 
we write hereafter as H(1). The 
amount of information found in pairs 
of adjacent items, i and j, in a sequence 
is H(i,j), where 

H(i, ) = - p(i, j)log2p(i, j). (2) 

If row and column selections were 
made independently, then a given table 
would contain twice the amount of in- 
formation computed for single letters. 
The information added by the second 
letter of the pair when the first is known, 
Hi(2), is: 

H,(2) = H(1, 2) -H(1) (3a) 

or, more generally, the amount of in- 
formation which is added by the nth 
letter of a sequence of n letters when 
the first is known, Hi (n), is: 

Hi(n) = H(l,n) - H(1). (3b) 

McGill and Garner (6) define a 
quantity, T, the conditional information 
in a second letter that is dependent on 
the choice of a first letter 

T(1, n) = 2H(1) -H(1, n). (4) 
The information in the last letter of a 

sequence F(n), may be approximated 
(neglecting interaction terms) as 
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F(n) = H(1) - T(1,k). 
k=l 
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F(n) = H(1) - T(1,k). 
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(5) (5) 

Finally, the relative sequential con- 
straint in a sequence of n letters, Cn is 
given by 

n 

E T(, k) 
C = k.2 . (6) 

H (1) 

Appropriate information measures 
were computed to determine the con- 
straints between all pairs of letters at 
distances of the second letter from the 
first of 2, 3, . . . , 12, 30, 60, and 120. 

Table 1 shows that constraint in- 
creases regularly from the Atlantic 
Monthly to the First Reader, with the 
Bible being about as constrained as the 
Third Reader, and the Fifth Reader ap- 
proaching average adult text (7). This 
is true whether only the constraint of 
adjacent pairs is considered or whether 
the constraint between the first and last 
letters in sequences of 11 letters is con- 
sidered. The relative rank ordering of 
Ci and C11 contains but one reversal, 
the Bible, which is a peculiar text in 
terms of repetitiveness of words of low 
frequency in Modern English and also 
is represented by a small sample (8). 
H(1) is about the same for all texts, 
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