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ABSTRACT

Two computer programs for analysis of EEG data are
described. Both programs are coded in FORTRAN and were
written to be compatible with the University of Houston °
ESSL hybrid facility. The first of these is an analog-to-
digital conversion program (ATOD), and the second (PWRSPC)
computes power spectra for the data converted., Theoretical
and practical issues involved with such data processing are

discussed, and examples of output spectra are presented.
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CHAPTER 1
INTRODUCTION

Since Berger (1929) first reported the occurrence of
electrical activity on the scalp of man, various techniques
have been developed in attempts to obtain as much informa~
tion as possible from the electroencephalogram (EEG).

The initial reports, and even many reports today, con-
tain merely visual pattern descriptions of the EEG. The
EEG contains at least four major features which may be used
to describe it. These include:

1) amplitude

2) frequency/wavelength
3) waveform

4) phase

Automated analyses have been attempted on all of these
features of brain electrical activity. Extensive reviews
of these techniques are presented in Matousek (1973), Walter
(1972), Knott (1953), etc.3 but brief mention will be made
here for completeness and definitional purposes.

Amplitude is usually defined (Brazier, et al, 1961) as
the peak-to-peak voltage of the signal present. Amplitude
measures have been used in several ways, but the general
technique is to pass the full-wave rectified électrical

signal to an integrator and then provide either an analog or,



more commonly, a digital output, depending on the experi-
menter's preference. The signal may be a filtered band of
the EEG (e.g., Baldock and Walter, 1946), or it may be the
entire EEG waveform (e.g., Runnals, 1963).

Frequency analysis in electrophysiology includes the
measure of amplitude as well as frequency. There are many
types of frequency analysis. Early attempts at frequency
analysis either used many narrow bandpass electrical filters,
each covering a different band of the EEG frequency range
(e.g.» Baldock and Walter, 1946) or a single strip of EEG
record run repeatedly through a variable filter (e.g., Grass
and Gibbs, 1938)., More recently, with the introduction of
high-speed digital computers, analog-to-digital (A-D) con-
versions, and the fast Fourier transform (FFT), generally
more accurate and complete frequency spectra are obtained
than possible with analog filters.

Frequency and wavelength (or period) are inversely
related. Frequency is defined by Brazier, et al (1961)
as the number of complete cycles in one second, and wave-
length (period) is the time interval from the beginning to
the end of a wave. Different types of data are obtained
with period analysis. According to Saltzberg (1973), the
basic unit of measurement is the time required from one
baseline cross to the next. Also used are the times at which
the signal has an inflection point. These correspond to the
times when the signal and its first two derivatives are

zero, respectively.



Automated waveform or pattern recognition usually in-
volves some type of pattern detection by a computer. The
pattern of interest may consist of a single cycle or it may
be a burst of a certain type of activity. Methods used
include sequential comparison of frequency analyses (e.g.)
Larsen and Walter, 1970) and integration of waveforms as in
amplitude analysis (e.g., Frost, 1970) for sleep stage
determination or for complex comparison as might occur in
epilepsy (e.g., Frost, personal communication).

Phase relationships are used in autocorrelation to
determine various periodicities present in a single channel.
Becoming more common today, however, are cross=-channel eom-
parisons to detect phase relationships between two different
EEG derivations (e.g., Barlow, 1973).

Probably the most common type of EEG analysis today is
spectral analysis, and some belleve it is the most important
and useful type of analysis (e.g., Dumermuth, 1973; Larsen,
1971), As Dumermuth (1973) explains, there are several
types of spectral analysis. Power spectra provides the
average intensity as a function of frequency and are a measure
of the second'moment of a signal. Cross spectra give the
average intensity shared by two signals, also as a function
of frequency. Bispectra are a measure of the third moment of
a signal and give the relations between frequencies within
the same signal. Coherence is a measure of the strength of
a linear relationship between activity in two different

channels (Walter, 1972).



The most common form of spectral analysis 1s the power
spectrum. This is a useful tool for estimating the intensity
present at each frequency. It has proven useful in determin-
ing frequency changes under different conditions with the
normal EEG, but has not proven very effective for clinical
diagnoses (Walter, 1972). The latter is probably because
the Fourier transform used to convert from the time domain
to the frequency domain assumes a sinusoidal waveform, and
pathological EEGs do not usually have such waveforms.

Since power spectra occupy such an important position
in electrophysiological research today, every institution
involved in such research should have the capability for
these computations. Benignus (unpublished) had written a
program for computing spectral analysis, but it was very
slow and the output appears questionable in some cases.,
Osorio (1976) had written a series of programs as his dis-
sertation for estimating power spectra during different
stages of sleep in the human under the influence of drugs,

I have discovered some'flaws in Osorio's power programs
(e.g., tapering over added zeroes and the use of a question-
able smoothing procedure). In addition, his programs were
written for processing only a single channel of data. With
such a set of programs it is impossible to do computations
involving relationships between EEG channels - i.e., coher-
ence, phase relations. etc. These measures appear to be

- developing now as important tools in describing brain function.



Thus I have coded into FORTRAN the two programs described.
The first is an A-D conversion (ATOD) for four channels of
EEG data simultaneously. The second program (PWRSPC) com-

putes and plots power spectra for each of these four channels

in sequence,



CHAPTER II1

ANALOG-TO-DIGITAL CONVERSION

Theo a Genera

There are several baslic factors which must be considered

in performing an analog=-to-digital (A-D) conversion.

includes
9]
2)
3)
4)

sampling rate
quantizing levels
epoch length

identification of events

These

In sampling or digitizing the analog EEG data, one

must obviously consider future processing of the data.

This usually means that a sequence of programs, and not a

single program, must be written to fully process the data.

Another important fact is that once the data is digitized,

any error included with the data or created by the A-~D

operation cannot be corrected by any form of later digital

processing (e.ge., Walter. 1963).

tial sources of such errors, and these are discussed.

There are numerous poten=-

The sampling rate must be at least twice that of the

highest frequency present in the data (Dumermuth, 1976).

If it is not, a phenomenon called aliasing occurs.

is the "folding back" of higher frequencies onto lower

Aliasing

frequencies. For example, if sampling is performed at 128/sec



and frequencies above 64 Hz are present in the analog data,
the ascending frequencies above 64 Hz will be aliased back
onto the frequencies below 64 Hz in descending order such
that 65 Hz will fold back onto 63 Hz, 66 Hz onto 62 Hz, etc.
The frequency at which folding occurs is known as the Nyquist

frequency (Blackman & Tukey, 1958), and it is defined ast

f =
n T7sE

whgre At is the time interval between samples (Bendat &
Piersol, 1971).

Some sources of error must be considered even before
recording the EEG. One of these is the output frequency
response of the amplifier, Many amplifiers have a low-
pass filter to attenuate the higher EEG frequenclies. The
Grass Instruments Model 78 used in this laboratory has six
possible low-pass filter settings, ranging from 100 Hz to
30 KHz, According to the Model 78 manual for the 7P511
amplifier (Grass, 1967), signal frequencies are attenuated
by one-half at the setting indicated. While the actual
rolloff characteristics of these filters are not specified,
they appear to be approximately 6 db per octave, judging
from the characteristics of other curves which are plotted
in the manual. And according to Macy (1965), this is a
standard rolloff. The highest frequency present in the
signal, therefore, depends directly on the setting of this

low-pass filter, and the sampling rate must be sgelected



acco;dingly. A certain amount of error must be accepted here,
however, because the amplitudes of these higher frequencies
are theoretically never reduced to zero.

Another factor which must be considered prior to re-
cording EEG's if an analog tape system is used is that of
recorder noise, There are several factors which contribute
to tape recorder noise - dirty heads, flutter, etc. - and
these may affect decisions on sampling rate.

If only a low sampling rate is possible, and no cross-
channel processing is expected, additional analog filtering
of the signal(s) may be performed prior to the A-D conver-
sion in order to remove most of the high-frequency components
which would fold back into the range of interest. This
procedure was ﬁsed by Osorio (1976) for one channel and
Gotman (1973) for multiple channels to compute power spectra.

Should it be desirable to process several channels of
data simultaneously, however, it becomes impractical to pre-
filter each channel for at least three reasons., First is the
number of physical filters required; second is the possi-
bility of introducing different noise components by the dif-
ferent filters; and third is the fact that filters introduce
different phase shifts across the frequency spectrum (e.g.,
Saunders & Jell, 1959) which make the accuracy of cross-
channel processing results questionable, at least for phase
relationships. Probably the only ready solution to this
difficulty is to select a sampling rate high enough such
that the unwanted frequencies are not aliased to a signifi-

cant degree onto the frequency range of interest.



In performing an A-D conversion at a given sampling rate,
the signal is converted to a digital value corresponding to
the digital voltage level nearest the actual voltage bf the
analog signal. These digital voltage levels are termed
quantizing levels (e.g., Bendat & Piersol, 1971). Theoret-
ically, the greater the number of quantizing levels, the
greater the accuracy in amplitude representation, assuming
utilization of the full voltage range. In practice,
Dumermuth (1976) claims that about 210 or 211 quantizing
levels is sufficient for EEG data.

To sample several channels of data simultaneously,
sample and hold amplifiers are frequently used, and are
the best way to represent data for later cross-channel
processing. These amplifiers sample all channels at the
same point in time and hold the quantized levels until they
can be transferred to storage. The use of such amplifiers
makes feasible cross-channel studies without the phase
differences introduced by the time delay between successive
samples if the sample-hold amplifiers are not used (e.g.,
Macy, 1965). Regardless of the sampling technique, when
several channels are processed, the data is usually multi-
plexed in storage =~ that is, the first data point is the
first sampled point from the first channel, the second data
point is the first sampled point from the second channel,
etc,

The epoch length selected determines the maximum resolu-

tion of the frequency spectrum (Blackman & Tukey, 1958),
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This particular point is discussed in more detail in the next
chapter, but it must be selected with consideration of the
followings the mathematical product of the epoch length,
sampling rate, and number of channels sampled gives the
total number of data points obtained per epoch. This num=-
ber obviously must be less than or equal to the computer
memory available and the capacity of the computer to write
to digital tape or some other form of permanent storage.

And, finally, the proper identification of events on
analog tape is very important, especially if only selected
portions of the tape are to be digitized. Simply noting
meter settings is not sufficiently precise for computer work.

Dumermuth and Fluhler (1967) suggest marking one channel
of the analog tape with a DC signal to indicate portions to
be sampled., Other methods have been used also., One semi-
standardized technique is a time code devised by the Inter-
Range Instrumentation Group (IRIG). This is discussed in
Systron-Donner (1970), and is a code to identify time with
an accuracy of 0,01 second using pulses on one channel of
the analog tape. Another technique is the inputting of
sign waves of different frequencies (e.g., Hartley, 1972).

The data must also be identified once it is in digital
form. This is usually accomplished by attaching some sort

of coded label to the data block itself.
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Program ATOD

Before elaborating on the A-D program, I believe it
necessary to present a brief description of the computers
involved. This program, and the PWRSPC to follow, were
written specifically for these machines; it is unlikely,
even though both written in FORTRAN, that these programs
could be used on other computers without some modification.

These computers are located in the University of
Houston Engineering Systems Simulation Laboratory (ESSL)
in the Cullen College of Engineering. The analog computer
is a Hybrid Systems SS100; the digital computer is an IBM
360/443 and these are interfaced by a Hybrid Systems 1044
Hybrid Linkage Unit. Together, these computers receive the
analog input, perform the A-D conversions, and write the
digitized data to digital tape for permanent storage.

The SS100 is a large analog computer. It has two patch
panels, one for performing logical functions and the other
for electronic signal input; processing, and output. The
computer provides amplifying, switching, integrating, etc.,
capabilities.

The 1044 Linkage Unit performs the A<D conversions and
multiplexing operations, and inputs data to the 360/44,

IBM's 360 digital computer is fully documented in the
IBM literature, and the computer is widely used throughout
the world., The unit in ESSL consists of the CPU, two tape
drives, three disks, a card reader and punch, a high-speed
printer, and an operator's console, Word length on this machine

is 32 bits, broken down into 4 bytes of 8 bits each.
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A series of library subroutines called the "X" sub-
routines (ESSL, no date) are available to assist in per-
forming A-D and digital-to-analog (D-A) conversions with
the hybrid computer arrangement. The "X" routines used in
this A-D program are described briefly below.

XRDSNS is a logical function which reads and tests the
specified sense line for its logical value - true or false,
ATOD uses this subroutine for directing the program to the
appropriate segment, based on the loglical determination.

The XSTCTL and XRSCTL subroutines are used, respectively,
to set (make true) and reset (make false) specified control
lines. Control lines may thus be used to provide a variable
logic at given points in a program simply by calling the
appropriate subroutine.

XRDAD is a subroutine for performing A-D conversion.

In calling this routine, a number of conditions‘must be
specified. These include the number of data points to be
sampled, the location in memory where the data are to be
stored, the multiplexing positions to be sampled, and the
type of control desired over A-D conversion.

The CCWCB subroutine is used to build channel commands
to carry out functions for which specific subroutines do not
exist. Channel commands are short sequences of steps which,
after initiation, are capable of operating independent of
hybrid control. The primary advantage in using these here
is the conservation of time. For example, one use of such

commands in ATOD is to write data to digital tape while the
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hybrid is freed from this function to begin further processing
and prepare for the next event to be sampled. Without

channel commands, and if events were closely spaced in time,
the hybrid itself might not have suffic;ent time to control
the output to digital tape, perform necessary record-keeping
functions, and prepare for the detection of the next event
before the occurrence of that event. Other uses of CCWCB

are to write a tape mark (end of file) on and rewind the
digital tape.

FSTIO is a subroutine which calls and causes execution
of the channel commands constructed by CCWCB.

ITIME is a library subroutine which is used to compute
the time of the initial event and each succeeding event.
Subtraction of these times gives an elapsed time which is
useful for comparison with the meter on the analog tape
recorder to verify that the desired events were, in fact,
selected,

Two other subroutines, TYPE (0) and TYPE (1), are used
to print information on the operator's console and to both
print on and read from the console respectively. TYPE (0)
is used primarily to keep the operator informed of the pro-
gram's progress and to indicate steps to be taken, if
necessary, at certain points. TYPE (1) is used to input
data or information codes at the appropriate times,

An Ampex SP300 seven-channel analog tape recorder is
ugsed to input data from magnetic tape to the SS100., Data

is both recorded and played back in the FM mode., Recordings
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are made at 1 7/8 ips and playback is at 15 ips - accelerated
eight times. ATOD multiplexes four channels of EEG data
and requires a fifth channel as an event marker.

The tape marking system used with this program consists
of DC signals as recommended by Dumermuth and Fluhler (1967).
Instead of a single DC marker, however, different DC ampli-
tudes are used for timing and detecting different types of
events, This program uses a logic detection system capable
of identifying up to six different types of events. The
system uses comparators on the SS100 analog patch panel to
establish voltage windows for the different marker ampli-
tudes., Figure 1 shows the circuit for this detection system.

Since the program was initially written for determining
power spectra in different states from sleep to wakefulness,
these events are labelled WAK (awake), CTL (control, a
- marker for determining system noise), SWS (slow wave sleep),
REM (rapid-eye-movement sleep), MIS (for miscellaneous seg-
ments of the EEG record of interest), and INV (the invalid
regions, those amplitudes not covered by the other markers).
The INV signal was attributed to nolise, but no INV events
have occurred when the analog tapes are properly marked.
The stages, their marker amplitudes and windows are illus-~
trated in Table 1.

For purposes of the sleep EEG, division is made only
according to two stages = SWS and REM =~ because of the rapid
alternation between what would normally be labelled stages

1-4 (Rechtschaffen & Kales, 1968)., At least one other study



Figure 1. Circuit Diagram for A-D Logic
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TABLE 1

EVENTS USED AS MARKERS FOR ATOD

tage Event Amplitude(V) window(V)

1 CTL 0.3 0.2-0,45

2 WAK 0.6 0,45-0,75

3 SWS 0.9 0.75-1.05

4 REM 1.2 1.05-1.35

5 MIS 1.5 1.35-1.65

6 INV - 0.0-0,2, >1.65
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has observed the same effects in the chimp (Freemon, McNew,
and Adey, 1971).

Since it is not feasible to detall every step of the
program, I must rely on the program itself to clarify many
points and limit myself to a general discussion of the
rationale involved in the program and to brief explanations
of why certain things were done the way they were. 'The
program itself is presented in Figure 2. Many comment
cards elaborate on steps taken in the program.

The overall approach in this program is to test sense
lines until a specified logical value is returned, indi-
cating that some action is necessary. The program then -
proceeds accordingly.

I preferred to write this program as one entity rather
than as a main program and several subroutines because 1
would have had to COMMON virtually every label in use to
maintain arrays, etc. The program requires extensive com-
munication between sub-areas.

ATOD is much more efficient than either of the two
previously existing A-D programs for EEG data at University
of Houston (Osorio, 19763 Benignus, unpublished). It is
an improvement over the Benignus program because of its
accelerated playback capability; and it is an improvement
over both programs because of its sampling of multiple chan-

nels and the capability of converting more than one analog



Figure 2. ATOD Program
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tape by recycling to an initial point in the program. These
features save a great amount of computer time and permit
cross~channel EEG analyses not possible before at this in-
stitution on digital equipment.

The program assumes a 16-second real time epoch (2
seconds accelerated playback) for each event. Sampling is
performed simultaneously across the four data channels and
held until the data are multiplexed into the memory location
provided. Sampling rate is controlled by the SS100 master
timer and is set at 512,.3 per second real time.

I selected the rate of 512 per second to avoid major
aliasing problems. The highest frequencies present in the
data above noise levels are about 240 Hz, and these seem to
come most often from the tape recorder itself. Had I used
a lower rate, such as 256 per second, this 240 Hz activity
would have aliased back into the EEG frequency range of
interest at about 16 Hz, and this was clearly an unsatis-
factory condition.

The program has two major "safety checks" built in,
and these involve the logic pushbuttons on the S$S100 con-
sole and the sense lines used in conjunction with them.
Three of these pushbuttons (0, 1, and 7) are used to set
logic for.ATOD. Since it is possible, and even highly likely,
that these pushbuttons may be inadvertently left on after the
function they control is completed, tests for this are
written into the beginning of the program., If the sense

lines are true, a message is printed on the operator’'s
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console instructing the operator to turn them off. The
program then enters a holding loop and cannot proceed until
the required pushbuttons are turned off,

Another check is wired into the logic circuitry of the
§5100., This is a "validation circuit" for the event mark on
analog tape (discussed earlier). Since there are occasional
"glitches" on the event channel, it was anticipated that
these might cause selection of an unwanted epoch. The vali-~
dation procedure consists of integrating a constant voltage
signal upon detection of a pulse from the event channel., If
the channel pulse remains for 0.8 seconds real time (0.1
second playback time), it is considered a valid pulse and
processing for sampling begins. If the pulse is not constant
for this interval, the integrator resets to zero and awaits
the next pulse, This 0.1 second interval was selected
arbitrarily, but observation of sampled events and the com=-
puter output clearly show that no unwanted epochs have been
sampled.

The program begins by declaring and initializihg certain
labels, and by building certain channel commands. Due to
the largé amount of data acquired from each epoch, three
commands are chained to write the data to tape in three
separate Blocks. (The maximum number of bytes that can be
written to digital tape in one block is 32,760 (IBM, 1973)%
but each epoch produces 65,538 bytes., In order to simplify
writing this program and the power spectrum program to be

discussed later, these data are written to tape in three
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equal-sized blocks of 21,846 bytes each.) Other commands are
built to write the ENDFILE on and rewind the digital tape.

Next, the first of the safety checks provides an in-
struction if logic pushbutton (LPB) #7 has been left on.

Label 95 is the first point of actual processing for an
analog tape. When multiple analog tapes are being digitized,
this is the point to which the program recycles,

The DELAY read from the console in label 27 was in-
serted because 1 observed that the hybrid system cycled to
begin sampling so quickly that all event marks were inter-
pretted as being of the smallest valid amplitude for an
event mark, regardless of the actual amplitude. The apparent
reason for this was that the marker took milliseconds to
rise to amplitude while the computer was cycling in micro-
seconds. A DO loop was written to provide this delay.

This delay and the validation integrator discussed earlier
are redundant systems to some extent, but both are used.

ATOD then encounters the point for entering the CAT
number. When recycling with different analog tapes, this
step provides a place to enter the new subject number,

The second safety check for the LPB~sense lines occurs
next., Then the program progresses to the point where it is
ready to accept data from analog tape, a DO loop is used to
flash a control line indicator on the analog panel. After
starting the analog tape recorder, depressing LPB #0 begins
the testing of sense lines for an event. Either depressing
LPB #1 or detection of an event from tape will direct the

program to a sequential testing of sense lines 1-6.
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Line 6 occurs as a result of LPB #1 and is used to end
processing for a given tape. This then causes printout of
the tabulated data for the cat indicated, and recycles the
program to label 95 discussed above. Sample data printouts
are presented in Figure 3., The first of these tables lists
the events detected in temporal order. It provides the
elapsed time of each event relative to the first, the type
of event, the number of the event within that type, the
label used to identify that event, and the time between
events. The second of the tables provides similar infor-
mation, but it is arranged sequentially according to the
type of event.

Lines 1-5 direct the program to the region indicated by
the event mark detected from tape. Within each of these
regions, the labels are numbered 100 through the 600's for
purposes of easily distinguishing which region is being
considered. The 600 series are reserved for when an event
has been detected but does not fall within the windows
provided for a valid event.

Each of‘these regions performs similar tasksi they are
differentiated only by the different types of events.

Two data buffers are used in these regions. Both per-
form the same function, but they are used in an alternating
sequence. The purpose in having two buffers is primarily
precautionary.. I was worried about the possibility of
having two closely spaced events and encountering problems

because I was attempting to store new information in a buffer



THE TOTAL NUMBER OF EVENTS DETECTCO FNR CAT Nu. -7 WAS 10,

ME EYENTS ARC LISTERD IN NENER fF OCCURRENCE.

EVENT  ELAPSED TIME  ST1AGE  COUNTER " TAPE LABEL DELTA T
t 4 1 1 6°7 0
2 4524 ? 1 465 64826
3 1487 2 2 - 46b 2741 .
4 6y 2 3 a6T 1s7n .
5 14944 3 i 473 5870 .
6 22610 1 2 474 . T675-
7 23929 3 3 475 1301
R 29944 4 i ant €529
9 3162 4 2 482 1213
10 32303 4 3 . 403 1221
THE MUMBFR DF EVENTS DETFGEETRD FOR EACHM STG IS LISTED.
criere = i WAKCTR = 3 SWSCTR = 3 REMCTR = 3 MISCTR = 0 INVCTR = 0
LUKULATIVE EVENT CTL EVFNT ELAPSED TINE BUFFLR TAPE LABFL
1 1 0 ' 2 457
CUMULATIVE EVENT WAK EVENT ELAPSED TINME BUFFER TAPE LAREL
2 t . : 4526 1 465
3 - 2 T4R7 2 G666
4 3 965 1 461
CUMULATIVE EVENT 5HS EVENT ELAPSED TIME PUFFER TAPE.LABEL -
5 C 1 14744 L2 473
"6 2 © 22610 1. 474
7 3 23920 2 415
CUMULATIVE EVENT REN EVEMT ELAPSEU TIME RUFFER TAPE LARFL
" Lt 29940 1 4n1
7 ;o2 31162 2 482
1 3 32183 1 4R3
CUMULATIVE RBvanmT MES EVENT ELAPSED TIME PUEFTR TAPE LARCL
[\ 0 0 ¢ o]
CUMULATIVE 8vinT 1V Sveng FLAPSEN TMF FUrECR TAPFE LARCL
0 0 o 0 0

Figure 3. ATOD Output Tables

6¢
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while a WRITE command was still in the process of writing the
old data to digital tape. The-L in each of the sub-areas

of the program is the label which indicates the buffer, and
these are alternated at the beginning of each procedure,

Following buffer re-assignment, XRDAD is called to
digitize the epoch. ITIME supplies the time, and counters
are incremented to assist in identifying the event later.

A label is assigned to the multiplexed data, and both
the label and data are written to digital tape using FSTIO.

Counter values and other information are then assigned
to the arrays which are tabulated at the end of the analog
tape and the program recycles to label 4 to begin searching
for the next event.,

When a digital tape has been filled, or an end td
processing is desired, depressing LPB #7 causes an end file
mark on and rewinds the digital tape before ending the pro-
gram. If LPE #7.is'pushed simultaneously with LPB #1, the
program will end without recycling to label 95. If not,
data such as CAT, etc. will have to be entered before the

program ends.,



CHAPTER III

POWER SPECTRA

ory an ~ onsi n

Estimations of power spectra today are usually performed
either on speclial-purpose computers or on large general-
purpose digital computers. Since a general-purpose digital
computer, an IBM 360/44, was used for estimations in this
prOgram; only the techniques used in digital computations
will be discussed here.

The general technique is to perform a Fourier trans-
form of the EEG data points, compute power, carry out a
smoothing operation, and plot the power spectrum. The
Fourier transform is a mathematical t061 for converting
(transforming) data from the time domain to the frequency
domain, where an estimate of power can be made (e.g.,
Dumermuth, 1973).

The power spectrum may be defined mathematically as:t

Gy(£) =2, 1in LE Dix(e,m)12]

where X(£,T) =‘Z;:Cﬁx(t)e-jZTT e
which is the Fourier transform of the time domain signal
x(t) (Bendat & Piersol, 1971). The continuous Fourier

transform has integration limits from «o© to +00 , but

in estimations involving actual computations the discrete
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Fourier transform is used (e.g., Bergland, 1969). The dis=-

crete transform can be writteni

x(3) =1 ¥l xr)e t2 T KN
N k=0

where N is the number of data points sampled from the time
series x(k).

Dietsch (1932) was the first to use the Fourier trans-
form to obtain a frequency spectrum., The calculations were
extremely time-consuming, however, and I have found no
further attempts to use the mathematical transformations un-
til high-speed digital computers appeared in the léte 1950's
and early 1960'5. Several studies (Grass & Gibbs, 1938
Knott, Gibbs, & Henry, 1942; etc.) claim to use the Fourier
transform, but in reality have used analog measures instead
of the mathematical computation.,

Even the use‘'of digital machines to compute the Fourier
transform was a time-~consuming, and therefore expensive,
process., For this reason, the autocorrelation was used to
compute power spectra indirectly until 1965. Dumermuth and
Fluhler (1967) present data showing a comparison of compu-
tation times required on one digital machine for different
methods of computing power spectra. For a sample containing
8192 data points, the Fourier transform required about 204
minutes to compute a power spectrum; the indirect method
using autocorreiation required approximately 15 minutes.

A new technique, known as the Fast Fourier Transform (FFT),
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was introduced in 1965 (Cooley & Tukey, 1965), and this
greatly reduced computation time. In Dumermuth and Fluhler's
(1967) terms, the power spectrum now required only about 70
seconds.

The dramatic decrease in computing time is due to a
special convention which uses a number of sample data points
equal to an integer power of 2. As Cooley and Tukey (1965)
illustrated, this reduces the number of operations necessary

from N2

to ZNlogzN. where N is the number of data points in
the sample to be transformed. A graphic comparison of the
number of operations in the two methods is presented in
Bergland (1969). The mathematical detalils involvéd in com-
puting the transform via the FFT may be found in several
publications (e.g., Cooley and Tukey, 19653 Bergland, 1969
Cochran, et al, 1967) and will not be discussed here. FFT
algprithms are now frequently maintained in the libraries of
large computing facilities, available on call.

When computing power spectra using the Fourier trans-
form, a phenomenon called leakage occurs. At the frequency
under consideration, a certain power value is obtained, but
at adjacent points on either side of this frequency the com-
puted power oscillates in a damped fashion between negative
and positive values., Figures illustrating this may be found
in Bendat and Piersol (1971), Dumermuth (1973), etc. The
introduction of these oscillations (or "side lobes") is the
leakage. Since these side lobes contribute to the pdwer

calculated at these other frequencies, leakage is obviously

undesirable,
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Two methods devised to reduce leakage are tapering and
Hanning. Tapering is the application of a cosine function
to both ends of the time series data. Bihgham (1967)
recommends the use of the cosine functions

Y(l=cosTT _t )
0.,1T

and %(l-cosTT _T-t )
0.1T
where t = data points from 0 to T-l

and T = total number of data points .

for the beginning and the end of the data sequence, respec-
tively.

Hanning is the weighting of Fourier coefficlient, after .
transformation to the frequency domain, but prior to

squaring and adding, of the form
Ak = -.25ak_1 o+ osak '.25ak+1

According to Bingham (1967), Hanning after squaring and
adding as Osorio (1976) did is useless for reducing leakage.
The EEG must be considered random data, as opposed to
deterministic data, because it cannot be represented by an
explicit mathematical relation. According to Bendat and
Piersol (1971), there are two types of random data - station-
ary and non-stationary. Stationarity of a signal is defined
as a signal, all of whose moments and Jjoint moments are time

invariant. Thus, if a signal has a constant mean, variance,
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etc, when sampled at different points in time, it is station-
ary. For practical purposes, however, a signal is often
considered stationary if it has a constant mean and a joint
moment (autocorrelation) which depends only on the lag, or
time displacement, of the signal with respect to itself.
In addition to stationarity, the distribution of the

signal about its mean amplitude value must be considered.
If the signal is normally distributed, it is said to be
Gaussian (Bendat and Piersol, 1971); otherwise it is non-
Gaussian.

| According to Dumermuth (1973), however, the EEG is
usually neither stationary nor Gaussian., The EEG is usually
assumed to be both stationary and Gaussian, though, for
purposes of approximation. The computations involved in non-

stationary data are much more complex (Bendat and Piersol,

1971),

Power Spectra Program

The procedures used to compute power spectra in the
program described here generally follow those recommended
by Bendat and Piersol (1971). The program itself, with the
subroutines, is given in Figure 4. The sequence involves
tapering both ends of the data, transforming via an FFT,
computation of raw power, and averaging to reduce the

resolution to that desired.



Figure 4. PWRSPC Program
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PWRSPC begins by initializing certain labels and making
necessary declarations. The EQUIVALENCE statements are used
extensively to save storage space and permit simpler WRITE
statements. Due to the amount of data, each epoch must be
read in the three blocks since it was so written in ATOD.
These three blocks are equivalenced to an ODATA array, and
to DARRAY which breaks the data up into individual channels.

The first execution step prints a statement instructing
the operator to enter LBLSTD. LBLSTD is the label which is
expected to occur with the next epoch, and can be read from
the printout of ATOD. The label entered is compared with
that of the epoch read from digital tapes if it doesn't
correspond, an error message is written on the console.

After incrementing an epoch counter, the program calls
the ESSL library subroutine RDTAPE which reads the epoch
intb memory. RDTAPE must be used at this point instead of
a FORTRAN read statement because the hybrid system writes to
tape with assembler language, and an assembier routine must
also be used to read the tape. A channel command word could
. be used for this, but RDTAPE has steps to compensate for tape
reading errors. Another ESSL library subroutine, TOPEN, must
be called once at the beginning of the program to prepare for
RDTAPE. Printouts of these subroutines were not made here,
but they may be found in Osorio (1976) and the ESSL 1library.

The epoch label, which is located in the first position
"~ of the epoch, is decomposed to provide PWRSPC with the cat

or test tape number, stage, and counter. Certain record-
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keeping operations are then performed and the console prints
a message instructing the operator to enter either the BRNLOC
or TRCHNL array codes. Each of these consists of a single
array of four positions. BRNLOC values are a code indicating
which area of the brain is represented and in what derivation.
These are illustrated in Table 2. One BRNLOC corresponds to
the data from one channel of EEG. TRCHNL is analogous, but
is used for the test tapes to represent the channel of the
tape recorder from which the signal was taken.,

Since the maximum integer value which can be represented
from the 1044 hybrid linkage unit is 8191, a DO loop scans
each channel array for values at this level., Should any
points be found, it probably indicates clipping of a wave
during A-D conversion. The suspect points are printed for
later evaluation.

I have made extensive use of computed GOTO statements
(see e.g+s Cress, Dirksen, Graham, 1970) in this program.
These stafements are used for determining paths to be taken
at option points in the program; One of these option points
is the selection of the effective sampling frequency. Since
the data were sampled and converted at 512 per second, this
is obviously the highest rate possible., But by selecting
every second or fourth point, rates of 256/second or 128/
8eéond, respectively, can be used to reduce the number of
computations required. Because of the approximate 240 Hz
noise component discussed previously, however, only the

512/second rate was used in final processing.



TABLE 2
LISTING OF BRNLOC CODES¥

1-1. hippocampus (bipolarg
2-r, hippocampus (bipolar

3-1. hippocampus (monopolarg
4-r. hippocampus (monopolar

5«1, basal forebrain (bipolar;
6-r, Dbasal forebrain (bipolar

7-1, basal forebrain (monopolar
8-r. basal forebrain (monopolar

9-1, mesencephalic reticular (bipolar)
10-r. mesencephalic reticular (bipolar)
11-1. mesencephalic reticular (monopolar
12-r. mesencephalic reticular (monopolar

13-1, center median (bipolar)
14-r. center median (bipolar)
15-1. center median (monopolar;
16-r. center median (monopolar

17-1, caudate (bipolar)
18-r, caudate (bipolar)
19-1, caudate (monopolar
20-r, caudate (monopolar

21-1, visual (monopolarg
22-r, visual (monopolar
23-X, visual

24-1, wvisual -1 frontal

25-1., wvisual = 1. frontal
26-1, frontal (monopolarg
27-r, frontal (monopolar

© 28-X, frontal

29-1, frontal = r, visual
30-r, frontal = r. visual

%all monopolar leads referenced against midline sinus.,
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Once the sampling frequency (SMPFRQ) has been selected,
subroutine TPRCMP is called to compute the array TPRCOS to be
used in tapering both ends of the time series data. This
array is computed similarly to what Bingham (1967) recommends,
except that the formula

%(l-cos TT _t )
0.1T
is used for both ends, for t from 0 to TPRPTS, which is a
variable depending on the sampling frequency. Bingham's
formulae are not quite symmetrical, and using exact symmetry
for both ends of the data saves approximately half the com-
puter time when the taper is applied.

Since the results of TPRCMP depends only on SMPFRQ, the
array can be computed only once for all four channels,
Tapering is used in this program, as opposed to Hanning,
because it is simpler and consumes less time.

The program then enters a DO loop which sequentially
computes power for each of the four channels. The first
steps in this loop initialize certain statistical variables
and transfer the data to an array which is full word length
where floating point operations can be performed. Dividing
by 81.92 converts the data from quantizing level representa=-
tion to voltage. Statistical formulas were taken from
McNemar (1969),

The SUM is calculated and then the mean determined. As
Bendat and Piersol (1971) recommend, the mean is then sub-

tracted from each value to give the data a zero mean. This
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greatly simplifies later calculations of the variance,
standard deviation, shewness, and kurtosis. These statistics
are computed here for informational purposes only. Sub-
routine TAPER is then called to apply the cosine taper array
computed in TPRCMP to both ends of the data.

My subroutine PWRCMP then calls an ESSL library sub-
routine FFTR (IMSL, 1975) to compute the Fourier transform
of the data., The data are returned in complex hotation and
both coefficlients are squared and summed to compute power,
These power values are then stored in the RAWSPC array.

The console then prints instructions for the operator
to enter the values for two computed GOTO statements
(sMUCOD, LOGCOD), a code for Hanning (HANCOD), and the number
of power spectrum points to be plotted (PLOTNO).

At RAWSPC, the power spectrum has 1/16 Hz resolution.
Since this is greater than necessary for general spectral
work, I decided to reduce this resolution to 0.5 Hz. This
reduction is performed by one of three averaging subroutines,
according to the number entered for SMUCOD. The value 1
directs the program to OVRLAP, 2 to TRIANG, and 3 to RCTNGL.
RCTINGL is the smoothing procedure recommended by Bendat and
Piersol (1971), and it simply provides an average of 8
points at 1/16 Hz resolution to be represented by one point
at 0,5 Hz resolution. This is the smoothing procedure com=
monly used in this program.

TRIANG and OVRLAP were written for different emphases.

TRIANG gives a triangular weighting of the eight points such
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that the frequencies nearer the final resolution point have
greater weighting than those more remote. OVRLAP is also a-
triangular weighting, but averages across points from adjacent
final resolution frequencies. In doing this, it performs
something on the order of averaging and Hanning simulta-
neously., All smoothing subroutines output the data in the
SMUSPC array.

A fourth subroutine (DIRECT) performs a direct transfer
from RAWSPC to SMUSPC, thus retaining the 1/16 Hz resolution.
This could be useful if working with very low frequencies
of data such as tremor. To utilize this, a SMUCOD value of
4 must be entered.

If a 1 had been entered for HANCOD, the program prints
an instruction to enter the number of times Hanning is de-
sired (NOHANS). One or two is commonly used. A DO loop
governs the number of Hanns performed. Hanning is performed
in this program Qith natural numbers in all cases, though
the final spectrum may be plotted as a logarithm, as ex-
plained later.

I feel I must emphasize that Hanning is only used here
for purposes of emphasizing power peaks which are not so
readily visible in an unhanned spectrum,

The number entered for LOGCOD determines the ordinate
of the spectral plot. If a number &4 or greater is entered,
the plot is made with natural numbers. If 3, the plot is
made in db . If 2, ordinate values are plotted as a

function of logyg. And if 1 is entered, the plot is a
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function of log,. A comparison of these different plots
is made in Figure 6.

LABEL is then coded according to cat number, stage, etc.
as in ATOD. If the data is from a test tape, LABEL is con-
verted to its negative for ready distinction between cat and
test labels.

A paper plot of the spectrum is then printed on the high-
speed printer. The maximum frequency represented in the plot
is determined by the value entered for PLOINO according to

the formulas

PLQ%NQ-I

My subroutine DOPLOT computes the maximum power (MAXPWR)
and minimum power (MINPWR) of the spectrum and uses these
values to scale the printed spectrum. This subroutine also
" calls ESSL library plot PLOT 1 to do the actual plotting.
Normally, frequencies above 58 Hz would not be considered
because of the 60 Hz line artifact and higher frequencies
have little relative power.

A 1list of parameters pertalining to the plot follows
each plot., This array includes the results of statistical
computations equivalenced at the beginning of the program,
PLOTNO, SMPFRQ, etc.

The label, power spectrum, and parameter array are all
written to a second digital tape for storage until later
processing may be carriéd out. No further analysis 1is per-

formed with this data in this program,
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Finally, the console prints a statement notifying the
operator that the channel has completed its processing and
is ready to cycle back in the DO loop to begin with the next
channel,

Now that the majority of the program has been explained,
I feel 1 am ready to detail what I consider an important
feature of this program. I mentioned earlier that I had
used computed GOTO statements to direct the program into
different subroutines, etc., according to the codes entered.
There is one other computed GOTO used, and I have named this
WHATDO. WHATDO can serve as a diagnostic tool, as a means
of obtaining further information, or as a re-processing tool.
The WHATDO statement appears in several places as the pro-
gram proceeds, and these points are identified by an 800
label. For example, 801 indicates the step at which LBLSTD
is entered, 802 the REWIND and END steps, etc. These points
and their functions are listed in Table 3.

When a WHATDO statement is encountered in the program,
the console prints a message instructing the operator to
enter a code. If the code number is larger than the number
of options possible, the computer bypasses this step and
continues with the next step of the program. I commonly
use 99 as this value for consistency. If a WHATDO option
not in the main program sequence is selected, i.e. after
exercising one WHATDO option, entering a code value too
large for the possible options should not be done. This

could lead to disastrous results. On these options a "NO
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TABLE 3

LISTING OF WHATDO OPTIONS AND THEIR FUNCTIONS

abe
801
802
803
804
805

806

807

808

809

810

811

Function and Brief Description
Enter LBLSTD; used to begin a new epoch

Write ENDFILE:; used to conclude program

Enter at test for maximum amplitude

Enter at select frequency code

Enter at smoothing point; can only get

to from inside loops used to provide com-~
parison of different smoothing techniques
without re-transforming

Skip epochs; used to bypass epochs on
digital tape without having to process

Enter after label comparisons used to re-
enter program in event of a mistake enter-
ing LBLSTD or other

Provide a means of changing data, as
specified by code: 1 = TEST, TRCHNL};
2 = CAT, BRNLOCs 3 = STAGE, COUNTER

Provide a printout of certain data arrays
as specified by code: 1 = RAWSPC, SMUSPC,
DATAs 2 = RAWSPC, SUMSPC3 3 = SMUSPC.

Backspaces used to re-read any epoch
previously passed.

Call GENRAT; used to synthesize wave-
form mathematically for program processing
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PASS POSSIBLE" statement follows the instruction, and a code
to re-enter the maln program sequence must be used. The one
800 label inside the DO loop for computing power is the only
such label which cannot be reached from ény poeint in the
~programj this label can only be reached from inside the loop.
Should one decide in advance that all spectra are to be
computed in the same manner, it is possible to save a great
deal of time by replacing certain console TYPE(l) statements
sequences by statements assigning particular values to labels
such as FRQCOD, SMUCOD, PLOTNO, etc. Executing the WRITE
and READ statements on the console requires as much time as

computing the power spectrum itself,



CHAPTER 1V

RESULTS

Many WRITE statements were used'during the debugging
and testing pfocesses with these programs to check results
of calculations. Results in these tests showed the program
computations were correct when compared with sample results
performed on a calculator.

Three methods were used to validate the accuracy of
the FFT. 1Initially, sine waves of different frequencies
were A-D converted from analog tape and the power spectra
computed, Examples of these for frequencies of 5 Hz and 8
Hz are illustrated in Figufes 5 A, B. Sine waves were also
input for frequencies of 10 Hz, 20 Hz, 30 Hz, 40 Hz, and 50
Hz; all of these were correctly represented in their respective
power spectra.

Sine waves of 10 Hz and 40 Hz were generated (see
approﬁriate subroutines in Figure 4) in the computer and
power spectra computed for these also., The spectrum for
the 10 Hz wave is presented in Figure 5 C.

Square waves of 2 Hz and 4 Hz were also generated for
testing with thelr characteristic power spectra. These
results are illustrated in Figures 5 D, E. The square wave
was considered a good test for the FFT and the program be-
cause of its characteristic power spectrum (e.g., Gilbert,

1973).
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Illustrations of logarithmic plots vs. natural number
plots are given in Figures 6 A, B. Since the power decreases
s0 rapidly with increasing frequency, a logarithmic plot is
obviously preferred for the large frequency range used here.
Figure 6 C shows the effect of Hanning after power computa-
tion. This serves to emphasize peaks for visual observation,
but serves no other purpose when used under these conditions.

Figures 7 A-C illustrate the purpose for which these
programs were written. They show power spectra of the
mesencephalic reticular formation (mrf) wﬁile the cat is
awake (WAK), in slow wave sleep (SWS), and in REM sleep,
respectively. All spectra are Hanned twice to provide bet~
ter visualization of the frequency peaks. .

The recordings for these spectra were taken monopolarly,
with the reference electrode in the bone over the frontal
sinus. Exact coordinates will be described at a later date .
when the study is completed (Stramler, in progress).

Since these spectral plots are scaled individually on
a relative power basis, it is difficult tosee certain things
readily. For instance, the peak at 1.50 Hz during SWS is
two points larger than the maximum peak during WAK or REM
on this loge scale, demonstrating the greater power at low
frequencies during SWS. The total power in these spectra
is also greatest during SWS, and least during REM.

Some features are obvious, however., For example,
during WAK there are large relative peaks in‘the theta and

40 Hz regionss these peaks are not present during SWS, and
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only a small theta peak is present in REM. With this deriva-
tion, the 40 Hz (actually 38.5 Hz) peak is probably obtained
from olfactory regions, and not from mrf.,

I discovered many things while debugging this program.
In the hybrid system for A-D conversion, several words must
be of specific length. Many word lengths are specified in
the manuals, but some are not. Because of the length of
these programs and the large amount of data to be processed,
I tried to use one-half word lengths whenever possible., Some
labels must be full-word length, however.

One of these labels is that indicating the number of
bytes to be written to tape in ATOD (BYTCT). The maximum
number of bytes which can be written to tape is 32,760, a
number which will fit into a half-word space but which must
be of full word length for proper procgssing.

Another label which must be full-word length but whose
apparent maximum will fit into a half-word space is the num~
ber of points to be digitized (N in ATOD). Since the maximum
number which can be represented in a half-word is 32,767 and
since 32,768 data points make up a full 16-second epoch, it
was necessary to sample only 32,764 da;a points per epoch.
The remaining four data points (one point per channel) are
filled with zeroes. This does not introduce any error be-
cause on cosine tapering the last data point of each channel
becomes zero. The 32,767 data points is an artificial limit
determined by the subroutine and is not a limit of storage

capacity.
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The command code used to chain the blocks of data written
to digital tape (CC in ATOD) theoretically should have been
equal to 8 (IBM, no date). Using this value did not cause
chaining, however, and only one block was written to tape.
Experimentation and suggestions by ESSL personnel resulted in
the finding that another command code for suppressing a
possible incorrect length indicator (SLI), equal to 4, had
to be added to the 8 to get chaining of blocks. Thus CC
is assigned the value 12 in ATOD.

Some investigation was done regarding the repeatibility
of the event marking system on analog tape to determine how
closely this system could come to the same relative sampling
time on repeated runs. The ITIME subroutine was useful here,
and it indicated a 0.03 second mean deviation from one pass
tb another. This indicates that repeated passes through the
analog tape would introduce approximately this time shift
into data sampled and supports the use of simultaneous sample
and hold amplifiers for cross-channel processing since the
amount and direction of deviation are not predictable.

PWRSPC takes advantage of the large core of the IBM 360
to compute spectra for the entire epoch at the same time,
Some researchers (e.g., Gotman, 1973) who apparently don't
have ready access to such large machines have broken one
epoch into several smaller epochs for individual processing.
They then average these smaller epochs later to obtain a
spectrum of the large epoch. According to Bendat and Piersol

(1971), treatment of smaller epochs is an acceptable method;



69

but Dumermuth (1973) claims that the latter technique intro-
duces more leakage and does not give the same results as com-
putation with a single large epoch.

The ESSL library subroutine PLOTl, used for plotting
the power spectra on paper, apparently has a slight flaw.

It is supposed to print a dotted line from top to bottom on
the plot if an ordinate value is less than.the minimum given
for that plot. This it does, but it also prints this dotted
line for some values which are larger than the minimum for
the plot. I have not yet detected a consistent pattern to
this error, but it usually occurs when the ordinate value
is close to, but still larger than, the minimum value on
natural number plots.

Since I believed initially that this might be due to
rounding errors, I submitted a minimum value that was 0,001
less than the true minimum. This value should have more
than compensated for any rounding errors, since the 360 has
seven figure accuracy in floating point representation. The
problem still occurred, however.

As mentioned in the description of the PWRSPC program,
the maximum resolution is 1/16 Hz. Maximum resolution of a
spectrum is determined by the formula:

R=_1_
T
where T is the epoch length (Blackman and Tukey, 1958).
There seems to be no general agreement on what resolution is

best for EEG representation. Hord, et al (1965) claims that
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a great deal of information is lost if less resolution is
used, but also acknowledges that the variance increases from
one epoch to ahother when finer resolution is used. Many
studies, on the other hand, use a final resolution of 1 Hz. .
Thus for the initial phases of my research, I selected a
final resolution of 0.5 Hz for the majority of the work.

The option of 1/16 Hz resolution, however, is still available
using my subroutine DIRECT.

And finally, I believe it is of importance to consider
the mechanism of EEG generation in any discussion of EEG
analysis, since the mechanism obviously should determine
what analytic techniques are used. Apparently the most
commonly accepted theory of the EEG origin is that of genera-
tion by ipsp's and epsp's (Elul, 1972). Since synchrony
in neurons is only intermittent, it seems more realistic to
consider the EEG as non=-stationary. Elul (1972) mentions
only one study, and that unpublished, which attempts to
deal with non-linear power spectra, and I have found no
other studies treating the EEG as non-stationary data. Thus,
for present purposes, virtually everyone seems to assume the
EEG stationary as an approximation to true power spectra and

other relationships.,



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Programs for A-D conversion of analog EEG signals and
for computation of power spectra frbm these EEG data have
been described., Once the basic theoretical principles and
machine operations are understood, modification of these
programs or writing new programs becomes a relatively simple
task. For example, an A-D program has also been written for
Pat Johnson for multiple channel conversion of EEG data re-
corded previously with another tape marking system.

A great deal of work could be done to further analyze
the EEG signals digitized in ATOD. With the simultaneous
sampling, studies of coherence, cross-spectra, and phase
relations become possible with suitable programs.

Programs in addition to these for further statistical
processing are also possible., For example, a program to do
analyses of the results obtained in PWRSPC, either for each
cat or across all cats, could give an indication of stability
of the spectra across different samples for each type of
event. Matousek (1973) offers a review of the literature
and discusses some of these possibilities,

Treatment of the EEG as non=-stationary data should also
be considered, since this would be a more nearly accurate

representation.
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I am currently investigating the possibility of digital
filtering these data with Nicola Papp, an Electrical Englineer
graduate studient at University of Houston. This process
will involve a series of subroutines to low-pass filter the
signals without changing phase relationships and thus pre-
serve the capacity for cross-channel analysis. Filtering
would also permit a lower effective sampling rate and thus
require fewer calculations and less computer time,

Though the programs described here were written specif-
ically for computations with cat sleep data, they could be
readily converted to use in any other type of electrophysio-

logical study using similar frequencies.
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