
with a band of 29 kD). A fourth rnAb was found that 
did not react with standard immunoblots but did bind 
to intact vesicles (VSP4D). Asc~tes production, immu- 
noglobulin G (IgG) purif~cat~on, and Fab fragment ISO- 
lation were performed according to standard proce- 
dures (1 7). For quant~tation of ant~body b~ndlng to CW 
vesicles, the ves~cles were mixed w~th 3% bov~ne se- 
rum albumln (BSA) (fatty acid-free; Slgma) for 1 hour 
at 4°C. Vesicles (1 0 to 20 k g  of ves~cle proteins) in a 
total volume of 200 k1 were mixed overnight at 4°C 
w~th 0.2 to 0 3 mg of ant~bod~es (asc~tes) per m~lliliter 
or a control mouse IgG. Each sample was layered 
onto a three-step sucrose gradlent (100 k1 of 15%, 
200 kI of lo%, and 200 kI of 5% sucrose in homog- 
enizat~on buffer) and centr~fuged at 4°C for 20 min 
w~th an SW-55T1 rotor at 192,000g. The supernatant 
and the sucrose were removed completely and the 
pellet was resuspended in 25 kI of electrophores~s 
sample buffer (78) with an addit~onal 1% SDS and 
analyzed as descr~bed (5). The effect of antibody on 
motor binding to vesicles was measured with VSP4D 
and VSP2B (control) as descr~bed (5, 7) w~th sl~ght 
modification. CW ves~cles (2.0 to 3.0 k g  of ves~cle 
proteins for kines~n binding and 5 k g  for dyne~n bind- 
ing) In a total volume of 60 k1 of PMEE' buffer [35 mM 
K-P~pes (pH 7.4), 5 mM MgCI,, 5 mM EGTA, and 0.5 
mM EDTA] were mixed with IgG (0.16 to 0.25 mg/ml 
for kinesln bindlng and 0.42 mg/ml for dyne~n b~nding) 
on Ice for 1 hour and 10 to 15 min at 37°C before 
add~t~on of a purlfled motor fract~on [ I 0  to 20 nmol of 
motors prepared as described In (8)]. The bindlng 
experiments were performed as descr~bed (5) B~nd- 
ing of motors was lnhib~ted by VSP4D, whereas no 
effect was observed with VSP2B. 

20 The In vltro vesicle motlllty assay on polar m~crotu- 
bules was performed after preparation of cytosol~c 
fractions and CW chick embryo fibroblast vesicles as 
descr~bed (8, 11). Sea urchin sperm axonemes were 
a gift from T. Salmon (University of North Carollna at 
Chapell HIII, NC). Porcine tubulin ( I  x )  and N-ethyl- 
maleim~detreated tubulln (2X) were m~xed and di- 
luted to -3.0 mg/ml final concentrat~on with PMEE' 
and 1 mM guanoslne triphosphate (GTP). Axonemes 
were added to an acid-washed cover sl~p ~n a flow 
cell formed w~th two parallel strlps of double-s~ded 
tape and a glass slide for 2 min at a concentrat~on of 
-2 per video field (-500 km2). The tubulin m~xture 
was exchanged into the flow cell and Incubated In a 
humidlty chamber at 37°C for 15 mln. The free tubu- 
lin was washed out w~th PMEE', 1 mM GTP, and 20 
km Taxol. CW vesicles (0.2 mg/ml) were reacted 
w~th mAbs (0.1 mg/ml) for 2 to 3 hours w~th rocking 
at 4°C. To measure mot~l~ty, we Incubated the mix- 
ture of ves~cles and ant~bod~es with a cytosolic frac- 
t~on (S3) and 5 mM Mg-ATP, and then added the 
m~xture to the polar~zed microtubules in a flow cell. 
Samples were observed on a heated Zeiss Axovert- 
100 microscope at 35" to 37°C by video-enhanced 
differential interference contrast, and mot~l~ty was an- 
alyzed as descr~bed (5). The number of ves~cle move- 
ments was normalized to the concentration of vesl- 
cles In the med~um and the length of m~crotubules In 
thef~eld [expressed as movements per minute per 36 
k m  of mlcrotubule length (per 70 ves~cles In 4 km2 of 
buffer per m~nute)]. Moving vesicles are counted only 
once after they bind and move (stopp~ng and restart- 
ing is not counted as a second movement). Vesicles 
do not reverse d~rection of movements. Means and 
standard error of means (SEM) were calculated and 
we~ghted by the number of mlnutes analyzed for 
each field. 

21. To Identify the antigen for VSP4D, we biot~nylated 
CW ves~cles as descr~bed (7). B~otinylated vesi- 
cles were collected at a 15/60% sucrose Interface 
after centr~fugat~on at 192,000g for 30 mln (Beck- 
man SW55Ti rotor) and were dialyzed agalnst 
PMEE' before lncubat~on w~th  3% BSA at 4°C for 1 
hour. The ves~cles were then mixed with the desig- 
nated ant~body for 5 hours at 4°C and collected 
at a 15/60% sucrose interface after centrifugation. 
The ves~cles were solubilized w~th  1 %Triton X-100 
and 0.5 M NaCl and centr~fuged at 150,000g for 30 
mln in a TLA100.2 rotor. The supernatants were 
Incubated with protein A-Sepharose CL-4B 
(Schle~cher & Schuell) for 4 to 5 hours at 4°C and 
washed four times with NET buffer [ I50 mM NaCI, 
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nopreclpltates were solubil~zed d~rectly in electro- Wang for help wlth the mot~lity assay. We also 
phoresis sample buffer (78) and analyzed by SDS- thank J. Lipp~ncott-Schwartzand H. P. Er~ckson for 
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l / f  Noise in Human Cognition 
D. L. Gilden,* T. Thornton, M. W. Mallon 

When a person attempts to produce from memory a given spatial or temporal interval, 
there is inevitably some error associated with the estimate. The time course of this error 
was measured in a series of experiments where subjects repeatedly attempted to replicate 
given target intervals. Sequences of the errors in both spatial and temporal replications 
were found to fluctuate as l l f  noises. l l f  noise is encountered in a wide variety of physical 
systems and is theorized to be a characteristic signature of complexity. 

Of the types of activity that characterize 
physical systems, perhaps the most ubiqui- 
tous and puzzling is the appearance of l/f 
noise, a form of temporal fluctuation that 
has a power density inversely proportional 
to the frequency (that is, power - l/f). l/f 
noise. also known as nink or flicker noise. 
varies with a predictability intermediate be- 
tween white noise (no correlation in time. 
power - l / fo)  and Brownian motion (no 
correlation between increments, power - 
l / f2) .  l/f noise has been observed in a 
~rofusion of domains as diverse as con- 
densed matter systems (1,  2),  traffic flow 
( 3 ) ,  quasar emissions (4), river discharge 
(5), DNA base sequence structure (6), and 
cellular automata (7). This list is hardly 
exhaustive, as entire symposia are devoted 
to its occurrence and causation (8). The 
universality of l/f noise suggests that it does 
not arise as the consequence of particular 
physical interactions, but instead is a gen- 
eral manifestation of complex systems. Here 
we nresent evidence that llf noises are 
associated with certain basic aspects of hu- 
man cognition: the representation of spatial 
and temporal intervals. 

Despite the interest in complex systems 
within the social sciences, there have been 
few examples of l/f noise reported in hu- 
man or animal behavior (9). Most notably, 
music and speech have been shown to have 
l/f fluctuations in both pitch and loudness 
(10). The occurrence of l/f noise in these 
contexts. however, should be distinguished 

u 

from its appearance in purely physical sys- 
tems. Pitch and loudness carrv information 
in music and speech signals A d  are there- 
fore subject to the constraints that exist 
generally in communication. Their spectral 

properties may be due to the fact that l/f 
noise represents an  optimal compromise be- 
tween efficient transfer of information 
(maximized by white noise) and immunity 
to error (6). 

Our investigations concern the produc- 
tion of spatial and temporal intervals. The 
experiments we conducted were extremely 
simple. Subjects were first given an example 
of a target spatial or temporal interval and 
then made, to the best of their ability, a 
series of replicates. The errors in replication 
were treated as a time series and were sub- 
mitted to Fourier analysis. Figure 1 illustrates 
the power spectra of the errors deriving from 
the estimation of temporal intervals. Results 
from six experiments are displayed in which 
the target time interval varied between 0.30 
and 10 s in duration (Fig. 1A). These power 
spectra share a family resemblance that is 
distinguished by the presence of two features. 
All the spectra are l/f at frequencies less 
than about 0.2 Hz, and there is a quadratic 
trend at higher frequencies that becomes 
progressively more pronounced with shorter 
target durations. 

The overall coherence of this data set 
suggests that it may be understood in terms 
of a few simple mechanisms. Earlier work on 
timing variance ( I 1 ) presented evidence for 
a model in which the production of tempo- 
ral intervals is composed of two parts: an  
internal clock (C)  that mediates the judg- 
ment of time passage, and a motor program 
that actuates the responses which signal the 
beginning and ending of each interval. The 
motor program in this model does not op- 
erate instantaneously, and all responses 
have an  assigned motor delay (MD). In 
terms of these two components, the jth 
observed interval I, is written as 
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the particular boundary condition typically 
used in timing studies: the ending of the ( j  
- 1)st interval is also the beginning of the 
jth interval. Previous investigations of this 
model (1 1, 12) did not focus on  the sequen- 
tial structure of interval production, and 
both the internal clock and the motor pro- 
gram were regarded as sources of random 
white noise, albeit with possibly different 
variances. The  data in Fig. 1A make it clear 
that sequences of errors in duration judg- 
ment are not white noises com~osed  of 
uncorrelated increments, but instead appear 
to be a mixture of at least two types of noise 
(13). W e  have found that the entire data 
set can be simulated by regarding the inter- 
nal clock as a source of l/f noise while 
maintaining the notion that the motor pro- 
gram generates uncorrelated white noise. 

In this two-component approach there is 
one free parameter, the ratio of clock root- 
mean-square (rms) error to  motor rms error. 
W e  have allowed this parameter to vary 
freely in fitting the model to data. Figure 1B 
displays the optimal fits together with the 
error ratios. This model captures many of 
the important features of the data set: the 
l / f  portion at low frequencies, the gradual 
formation of the quadratic trend with de- 
creasing target duration, and the existence 
of a characteristic frequency near 0.2 Hz 
where the spectrum turns up (14). The  
model accounts for the high-frequency in- 
crease in power in  terms of the two roles 
that a given motor delay plays. The  ( j  - 

1)st motor delay simultaneously lengthens 
the ( j  - 1)st interval and shortens the jth 
interval. A consequence of this coupling is 
that long intervals tend to be followed by 
short intervals and vice versa. The  resultant 
high-frequency alternation in the time do- 
main forms the quadratic trend in the pow- 
er spectrum (15). 

The  demonstration of l / f  noise in  an 
isolated perceptual domain raises the issue 
of its generality. As shown by the data in  
Fig. 2, errors in the repeated production of a 
fixed spatial interval also generate a time 
series with a l/f power spectrum. The  shape 
of this spectrum is similar to that produced 
by the reckoning of time intervals greater 
than 1 s. The line length spectrum is exact- 
ly l/f for frequencies less than 0.1 and then 
whitens at higher frequencies. As was found 
in the time domain, the spectrum appears to  
be formed from two sources: a l / f  noise that 
derives from perceptual judgment, and a 
white noise that is associated with pointing 
errors produced by pen placement (1 6). Ev- 
idently the production of temporal intervals 
is not privileged with respect to the mani- 
festation of l/f noise. 

In a final experiment, the power spectra 
of reaction time sequences were studied. 
Reaction time differs from the conscious 
production of a time interval in one obvious 
but important way: The  magnitude is not 
intentional. In our experiment, subjects de- 
pressed the space bar on  a computer key- 
board as rapidly as possible after the presen- 

tation of a visual stimulus. If l/f noises are 
associated with the controlled asDects of 

Fig. 1. (A) Spectral power densltles, Sk , for 6 

interval production, then they should be 
absent from reaction time. Furthermore, be- 
cause reaction time intervals are measured 
as the temporal asynchrony between the 
onset of a visual display and the response, 
we would not expect to  see the growth in 
power that was observed at  high frequencies 
in the production of temporal intervals. 
This feature only arises when a single re- 
sponse signals both the ending of one inter- 
val and the beginning of the next. Figure 3 
shows the power spectrum of reaction-time 
sequences. As expected, it is fairly constant 
across the resolved span of frequency. W e  
conclude that l/f noises arise from cogni- 
tive mechanisms that mediate the judgment 
of magnitude, independent of whether the 
magnitude exists in time or in space. 

Fig. 2. The spectral power denslty, S, , IS shown 
for errors in the estimation of a 1-inch spatial in- 
terval (21). The method of analysis was exactly as 
for the timing experiments. Because there was no 
characteristic time interval separating responses 
in this experiment, frequency is computed as f, = 

(k - 1)/(2m), fork = 1 ,  2, 3, . . . ,  m. The power 
spectrum is normalized so that the total power 
equals the mean square amplitude (in millimeters 
squared). Also shown is a line depicting an exact 
l/f power spectrum. 

B six experiments in the estimation of tlme 

Fig. 3. The spectral power density, S,, is shown 
for sequences of react~on time (22). The method of 
analysis was exactly as for the timing experiments. 
Frequency is computed as fk = (k - 1)/(2m), fork 
= 1 , 2 , 3 ,  . . ., m. The power spectrum is normal- 
ized so that the total power equals the mean 
square amplitude (in mill~seconds squared). 

duration (19). The data from these experi- 
ments were sequences of errors, d, , in 
estimates of a glven target duration, To. To 
varied across experiments and is shown 
adjacent to each spectrum (in seconds). S, 
was computed (20) with overlapping Sam- , 3. 
ples of N = 2m data points according to 3 

m = 2- 

1  - 
Because responses in each experiment 
were initiated at lntervals characterized by 
To, frequency (in Hertz) IS computed as f, = o - 
( k -  1)/(2mTo), fork = 1, 2, 3, . . . , m .  In 
order to m~nimize the variance of the spec- -1- , . . . 
tral estimates, we used two values of m: m 

log (fk) 

-4 -3 -2 -1 0 1 - 4  -3 -2 -1 0 1  

= 256 at low frequencies (f, < 0.02/T0) 
and m = 32 at high frequencies (f, 2 0.02/T0). The spectral density (in m~lliseconds squared) IS 

normalized w~th~n each experiment so that the total power equals the mean square ampl~tude 

n = 0 

Also shown is a llne deplct~ng an exact l/f power spectrum. Descending from top to bottom, at 
frequenc~es f, < 0.1 Hz, best fit lines to the power spectra had slopes of - 1 . l ,  -1 .O, -1 . l ,  -0.90, -1.2, 
and -0.94, respectively. (B) Best fits to the data from a simple model that represents the production of 
tlme Intervals as being composed of an internal clock that generates l/f noise and a motor delay that 
produces wh~te noise as normally distributed deviates. The different curves are indexed by the ratio of the 
rms clock noise to the rms motor nolse. This ratlo is glven next to each curve and IS observed to increase 
linearly with the target durat~on. 

A 
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The discovery of l/f noise in human 
judgment suggests that the theory of com- 
plex systems may have application within 
cognitive science. Although the etiology of 
l/f noise remains controversial, it appears 
to be associated with systems that relax 
upon perturbation with no preferred spatial 
or temporal scales (2).  There are a number 
of frameworks that have been proposed to 
account for the ubiquity of systems display- 
ing scale freedom. In particular, the theory 
of self-organized criticality (17) and the 
notion that l/f noises arise from sequences 
of contingent processes (18) are two that 
are potentially relevant to psychophysics. 
The data presented here raise the possibility 
that cognition has formal or physiological 
organizations that are common to complex 
dynamical systems. 
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