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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATECHNIQUE FOR AUTOhlATIC  REAL-TIME  SCORING OF 

SEVERAL  SIMULTANEOUS SLEEP ELECTROENCEPHAI.OGFWE 

BY 

R. W. Becker, J. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS. Lukas, M..E. Dobbs, and  F.  Poza zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I INTRODUCTION 

In the  course  of   an  ongoing  program  to assess t h e   e f f e c t   o f  air- 

c r a f t   n o i s e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon human s leep,   the   need  fo r  some automat ic   techn ique  fo r  

analyz ing  and  scor ing  the  e lect roencephalographic  (EEG) s l e e p   r e c o r d s  

became apparent.   Extensive EEG records are o b t a i n e d   i n   t h i s  program s ince  

groups  o f   four   subjects   each are t es ted   n igh t l y .  A t  t h e   t y p i c a l  rate 

a t  which  encephalographic  paper  recordings are made (177 f e e t  of paper 

per   hour   per   sub jec t ) ,  a great deal   o f   technica l  manpower i s  r e q u i r e d   f o r  

v i s u a l   s c o r i n g  and analysis  of   such  an  exper iment.  An add i t i ona l ,  and 

poss ib ly  more c r i t i c a l ,  p rob lem  invo lves   the   imper fec t   re l iab i l i t y   o f  

v isua l   ana lys is   o f  EEGs: i n t e r - s c o r e r   r e l i a b i l i t i e s   r a n g e   b e t w e e n  0.80 

and 0.95, even among exper t "   scorers .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 1,2,3,4* 

I n   l i g h t   o f   t h e  above,  Stanford  Research  Inst i tute,   whi le  under 

con t rac t   t o   t he   Na t iona l   Ae ronau t i cs  and  Space  Adcinistrat ion,   dur ing  an 

e ight -month  per iod  developed  and  tested  the  e lect ron ic   dev ices  for   f i l -  

t e r i n g  and p r o c e s s i n g   t h e   e l e c t r o p h y s i o l o g i c a l   s i g n a l s   n e c e s s a r y   t o   d i s -  

cr iminate  between  s tages of s leep.   Inc luded  in   the   sys tem i s  a small 

computer (XDS CE16) u s e d   t o   s c o r e  and  analyze  the  processed  e lect ro-  

phys io log i ca l   s igna ls .  

This  report   documents  that   development  ef for t .  I t  i nc ludes   (1 )  

a desc r ip t i on   o f   t he   e lec t ron i c   dev i ces ,  (2) a d e t a i l e d   d e s c r i p t i o n   o f  

the  computer program, as an  appendix, and (3) t h e   r e s u l t s   o f  a study of 

the   accuracy  of s l e e p - s t a g e   c l a s s i f i c a t i o n s  by the  system as compared 

t o   c l a s s i f i c a t i o n s  by  two independent   s leep  labora tor ies .  

* 
References are l i s t e d  a t  the  end  o f   the text. 
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I1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAN OVERALL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADESCRIPTION OF  THE  SYSTEM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A f unc t i ona l   desc r ip t i on   o f   t he   s leep   ana lys i s   sys tem i s  shown i n  

F igure 1. The f ou r   e lec t rode   ou tpu ts   f rom  each   sub jec t   pass   i n to   t he  

e lect roencephalograph (EEG) f o r   a m p l i f i c a t i o n  and record ing  on  paper, 

and the   amp l i f i ed   s igna ls  are s e n t   i n   p a r a l l e l   t o   t h e   a n a l o g   p r e p r o c e s s o r .  

In   the   ana log   p reprocessor ,   descr ibed  schemat ica l l y   in   F igure  2, 

t h e  EEG s i g n a l  i s  f i l t e r e d   i n t o   f i v e  components:  0-2.5 Hz, 3-7 Hz, 

8-12 Hz, 13-16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz, and  16-40 H z .  The 0-2.5 H z  band i s  simply  ampl i f ied 

and sen t   t o   t he   mu l t i p lexe r -conver te r .  The 3-7, 8-12,  and  13-16 H z  

bands are each  fu l l -wave  rec t i f ied  and  smoothed i n   o r d e r   t o   p r o d u c e  a 

s low ly -va ry ing   vo l tage   p ropor t i ona l   t o   t he   enve lope   o f   t he   f i l t e r   ou tpu ts .  

The 16-40 H z  band  and the  e lect romyographic  (EMG) band are squared and 

smoothed. The 2 e lect ro-oculogram  (EX)  channels  are simply  ampl i f ied 

w i t h o u t   f i l t e r i n g  or smoothing.  In  total ,   32  channels of in format ion 

( 5   f i l t e r e d  EEG s igna ls ,  2 EOG s igna ls ,  and 1 EMG s igna l   f o r   each   o f  

f ou r   sub jec ts )   a re   ava i l ab le   s imu l taneous ly   f o r   samp l ing  and d i g i t i z i n g .  

These  32  outputs of the  analog  preprocessor  are sampled  and d i g i t i z e d  

under  computer  control as shown in   F igu re  3. 

The epoch timer (F igure 1) causes a pulse  every 20 seconds  that  

(1) creates a v i s u a l  mark on the  t iming  channels   o f   the 2 EEGs, and (2 )  

by a c t i v a t i n g  a.n i n t e r r u p t   l i n e  on the   canputer ,   in f  orms i t  t h a t  a new 

epoch  has  begun. Each 20-second  epoch i s  broken   i n to  400 t iming  blocks,  

each  50  mil l iseconds  long.  Approximately 10 mi l l i seconds of the  b lock 

are used  to   sample,   s tore,  and process  the 32 channels. The remaining 

40 mi l l isecGnds are u s e d   i n   t h e   v e r y   f i r s t   b l o c k  of an  epoch  to  make t h e  

s tage-scor ing  dec is ion  for   the  prev ious  epoch.   In   the  remainder  of t h e  

2 
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b locks ,   the  40 mi l l i second  per iod  is u s e d   t o   p u t . o u t  a c h a r a c t e r   t o   t h e  

te le type  whenever   necessary,   or   s imply  wai t ing i n  a l o o p   f o r   t h e   n e x t  

b lock  to   begin.  I n  the  10-mi l l isecond  sampl ing  sect ions,   the  e ight  

c h a n n e l s   o f   t h e   f i r s t   s u b j e c t  are sampled ( a t  a ra te of  one  channel 

approximately  every 80 microseconds)  and  processed  for  2 mi l l i seconds;  

t'hen the  e ight   channels   o f   the  second  subject  are sampled  and  processed, 

etc. The channels  are sampled  and  processed i n   t h e   o r d e r  0-2.5 Hz, 

3-7 HZ, 8-12 HZ, 13-16 HZ, 16-40 HZ, EMG, EOG, Em. 

Each  of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32 analog  vo l tages  (const ra ined  by  the  analog  prepro-  

cessor   to   be   be tween -10 V and f10 V >  is d i g i t i z e d  by  conver t ing  the 

v o l t a g e   t o  a 15-b i t   b inary  number. I f   t h e  number i s  negat ive,  i t  i s  

rep resen ted   i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ' s  complement  form.  During the  80-microsecond  sampling 

per iod,   the  15-b i t  word i s  made i n t o  a CE-16 16-b i t  word and a l l  numbers 

are conver ted   t o   abso lu te   va lues   excep t   f o r   t he  0-2.5 Hz output  and t h e  

EOG channels.  

Approximately  0.6  mil l isecond i s  requ i red   to   sample   the   e igh t  

channels  of   one  subject  and process them as i s  descr ibed above. The next 

2 mil l iseconds are used  to   develop a set of  numbers  associated  with  each 

epoch  that  are l a t e r  used   to   de te rm ine   t he   s tage  of s leep.  These numbers 

are of two kinds. One kind  of number i s  s imply   the sum of t h e   a b s o l u t e  

va lues of a g iven  s igna l .  Thus, w e  c a l c u l a t e   t h e  sum of t he   abso lu te  

va lues   f rom  the   rec t i f ied  and  smoothed  3-7 Hz EEG band, 8-12 Hz EEG 

band,  13-16 Hz EEG band,  and t h e  sum o f   the   abso lu te   va lues  of t h e  

squared and  smoothed  16-40 Hz EEG band,  and t h e  EMG signal.  These  numbers 

depend  only  upon  the  output  from  one  channel  of  the  analog  preprocessor. 

The other   k ind  o f  number rep resen ts   t he  number of times t h a t   t h e  

overa l l   pa t te rn   o f   s igna ls   suggested   the   ex is tence  o f  a cer ta in  kind  of 

a c t i v i t i y   s u c h  as sp ind l i ng   o r   rap id   eye  movement. These  numbers inc lude 

(1) amount o f   p o t e n t i a l   d e l t a   a c t i v i t y   i n   t h e   e p o c h ,   ( 2 )  amount  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



p o t e n t i a l   a l p h a   a c t i v i t y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) amount  of po ten t i a l   rap id   eye  movements. 

These  numbers are genera l l y  a func t ion   o f  several ana log   s igna ls ;   f o r  

example, a given  sample  of  eigl i t   signals  from a p a r t i c u l a r   s u b j e c t  i s  

c o n s i d e r e d   i n d i c a t i v e   o f   p o t e n t i a l   a l p h a   a c t i v i t y   o n l y   i f  (1) t h e  8-11 

Hz sample i s  above a t h r e s h o l d   f o r   t h e   s u b j e c t  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  bo th   t he  3-7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 

and  13-16 Hz samples are be low  spec i f ied   th resho lds   fo r   the   sub jec t .  

I n   t h i s  way the   pa t te rns   o f   ana log   s igna ls  are used   to   p reven t  some 

m isc lass i f i ca t i ons   o f   s tage  of s l e e p   t h a t  would o c c u r   i f   o n l y   p o s i t i v e  

r e s p o n s e s   f r o m   s i n g l e   f i l t e r s  were u s e d   t o   i n d i c a t e  a p a r t i c u l a r   k i n d  

o f   a c t i v i t y .  

Dur ing   t he   l as t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 mil l iseconds of t he   f i r s t   50 -m i l l i second   t im ing  

block  of  an  epoch,  the  numbers described above  that   have  been  ca lcu lated 

for   the  prev ious  epoch  are  fur ther   processed as fo l lows:  

F i r s t ,   t h e  sums of   absolute  va lues of g i ven   s igna ls  are converted 

to   average  va lues ,  and t h e  number o f   samp l ing   i n te rva l s   i nd i ca t i ng  a 

c e r t a i n   k i n d   o f   a c t i v i t y  are conver ted   to   percent  of the   epoch  spent   in  

tha t   k ind   o f   po ten t ia l   ac t i v i t y .   Th is   convers ion  i s  necessary  because 

t h e  number of   sampl ing  per iods  in  an  epoch may v a r y   s l i g h t l y  from  epoch 

t o  epoch  because  of  the  asynchrony of the  epoch-t imer and the  on-going 

real-t ime  program.  Secondly,  the mean 3-7 Hz l eve l   d iv ided by the  mean 

8-11 Hz l e v e l  i s  ca lcu la ted .   Th i s   ra t i o   pa ramete r  i s  u s e d   i n  a number . 

of   s tage-scor ing  dec is ions l a te r  i n   t h e  program. F ina l l y ,   these  ca lcu-  

lated parameters  on  each  epoch are used   to   sco re   t he   s leep   s tage   o f   each  

o f   t h e   f o u r   s u b j e c t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA non-deta i led  vers ion of the   scor ing   a lgor i thm 

may be stated as fo l lows:  

1. &e both EMG and beta l eve l s   ve ry   h igh?  If SO, C l a s s i f y  

as movement time. 

2, Is de l ta  a c t i v i t y  greater than  50  percent? If so, 

c l a s s i f y  as s t a g e  4. 

7 
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3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIs d e l t a   a c t i v i t y   g r e a t e r   t h a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 percen t?   I f  so, 

c l a s s i f y  as s t a g e  3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. Is s p i n d l e   a c t i v i t y   g r e a t e r   t h a n  a spec i f i ed   t h resho ld  

f o r   t h i s   s u b j e c t ?   I f  so, no te   sp ind le   occu r red   t h i s  

epoch. Are s p i n d l e   l e v e l ,   b e t a  level ,  EMG l e v e l ,  and 

t h e t a / a l p h a   r a t i o  a l l  cons is ten t   w i th   s tage  2 f o r   t h e  

s u b j e c t ?   I f  so, c l a s s i f y  as s t a g e  2. If  not,  examine 

s t a g e  REM p o s s i b i l i t y .  

5. I f   no t   s tage REM, are three  o f   the  four   above  parameters 

cons is ten t   w i th   s tage  2, and has   there   been a s p i n d l e  

w i th in  last  th ree   minu tes?  I f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso, c l a s s i f y  as s t a g e  2. 

6. Otherw ise   use   the ta /a lpha  ra t io   to   dec ide   be tween  s tage 

awake  and s t a g e  1. A h i g h   r a t i o   c o r r e s p o n d s   t o   s t a g e  1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7. Stage REM i s  s c o r e d   i f   s i g n i f i c a n t   e y e  movements have 

occur red   dur ing   the  last th ree   minu tes  and  two success ive 

epochs  have  not had high EMG l e v e l s .  

A f te r   t he   c lass i f i ca t i ons   have   been  made, t h e   s l e e p   s t a g e   f o r   e a c h  

s u b j e c t  and dec is ion  parameters  for   one  o f   the  four   subjects   are  pr in ted 

on the   te le type.   A l though  p r in t ing  of t he   i n fo rma t ion   t akes  11 seconds, 

t ime-shar ing permits concur ren t   p r i n t i ng  of d a t a  from the  epoch j u s t  

concluded  with  sampling  and  calculat ion  of  the  data  during  the  ongoing 

epoch.  I f   any  subject   has  changed  stage  of   s leep  f rom  the  last   epoch, 

t h i s   i n fo rma t ion  is added t o  a s t a g e - t r a n s i t i o n   m a t r i x   t h a t  w i l l  be 

p r in ted   ou t  at  t h e  end  of the   even ing   fo r   each  sub jec t .  

8 



I11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASLEEP SCORING SYSTEM ACCURACY 

A. Method 

Two scorers   o f  ''medium" experience'  from  each  of two s leep   l abo r -  

a t o r i e s   s c o r e d   t h e  EEGs us ing  cr i ter ia descr ibed by Rechtschaffen and 

Kales.6 I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis es t ima ted   t ha t   t he   sco re rs  had, on  the  average,   four  

years of scor ing  exper ience,   wi th  a range  o f   about   th ree   to  s i x  years.  

Use w a s  made of spec ia l l y -dev ised  scor ing   fo rms  tha t  were keyed  wi th  the 

EEG record   and  the   p r in tou t   o f   the   computer   such  tha t   the  20-second 

epochs  scored by the  computer were i d e n t i c a l   t o   t h o s e   s c o r e d   v i s u a l l y  by 

bo th   pa i rs   o f   scorers .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

I t  shou ld   be   no ted   tha t  most  of the   exper ience of two  of t h e   f o b r  

s c o r e r s  w a s  with  co l lege-age  subjects ,   whi le   the EEGs s c o r e d   i n   t h i s  

s tudy  were f rom  other  age  groups.  (The  ages  of   the  subjects may be 

found i n   T a b l e  111. ) Our exper ience   i nd i ca tes   t ha t   t he re  are pronounced 

d i f fe rences   be tween  age  g roups   w i th   respec t   to   bo th   f requency  and  ampli- 

tude of t h e  EEG. For  example,  children zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 years of a g e )   t y p i c a l l y  

had d e l t a  waves  of 600-700 microvol ts,   whi le  those waves of t h e   o l d  

group (69 t o  75 years  o f   age)  were t y p i c a l l y  at  o r  below  100  microvolts 

and i n  some cases below 75 microvol ts .  The d i f fe rences   be tween  the  

sco r ing  cr i ter ia  espoused  by  Rechtschaffen  and Kales and those  found  in  

t h e  EEGs of some of our  12 sub jec ts  made scor ing  by the   inexper ienced 

a d i f f i c u l t   t a s k ,  as w i l l  be  seen  below. Any scor ing  d isagreements 

* 
W e  are g r a t e f u l   t o  D r .  Harold L. Williams of the   Un ive rs i t y  of Oklahoma 
Medical  School f o r   h i s   p a r t i c i p a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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between  scorers   wi th in  a l abo ra to ry  were resolved  through  d iscuss ion of 

d e t a i l s   o f   t h e   e p o c h s   i n   q u e s t i o n .  

The EEG records  were obta ined near the   conc lus ion  of a study con- 

ce rned   p r imar i l y   w i th   t he   e f fec ts   o f   a i r c ra f t   no i ses   on   s leep ;   t hey  

genera l ly   had a durat ion  o f   about  s i x  hours,   beginning when t h e   s u b j e c t s  

f i r s t  went t o  bed,  and  included  the  ef fects of t h e  test s t imu l i   on   t he  

sub jec ts .  A computer   rout ine  se lected 16 contiguous  20-second  epochs 

from a s ing le   sub jec t   f o r   p resen ta t i on   o f   de ta i l ed   i n fo rma t ion  of t h e  

EEG parameters  (see  Step zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 of  Appendix 1 )  and  then  automat ica l ly   sh i f ted 

t o   t h e   n e x t   s u b j e c t .  The epochs  analyzed  v isual ly  corresponded  to  those 

assigned by the   compu te r   f o r   de ta i l ed   da ta   p resen ta t i on .  

Table I shows how t h e  3322 epochs  used i n   t h i s   s t u d y  were scored 

v i s u a l l y   b y   t h e  SRI labora tory .  I t  i s  b e l i e v e d   t h a t   t h e   s l e e p   s t a g e s  

, 

Table I 

SLEEP  STAGE  CLASSIFICATIONS BY THE SRI LABORATORY 

Sleep 

Stage as 
Scored  by 

SR I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

2 

3 

4 

REM 

Tota l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

l- 

OF THE 3322 EPOCHS  USED I N  THIS STUDY 

Age Group 

Young Middle-Aged 
( 5  t o  

N 

73 

48 

561 

174 

93 

267 

1216 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I years )  (45 t o  
% 

97 3.9 

61  6.0 

N 

46.1 577 

14.3 9 1  

7.7 24 

22.0 

1030 

180 

T 
i7  years )  

% 

5.9 

9.4 

56.0 

8.8 

2.3 

17.5 
~~ - 

Old 
(69 t o  

N 

153 

9 0  

530 

124 

57 

122 

1076 

~. 

. 

'5 years 

% 

14.2 

8.4 

49.3 

11.5 

5.3 

11.3 
~~ 
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as ass igned   i n   ou r   l abo ra to ry  are probably   accurate since w e  have  had 

cons ide rab le   exper ience   i n   sco r ing   t he   s leep  of i n d i v i d u a l s   i n   t h e   a g e  

groups  of interest. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

I t  shou ld   be   po in ted   ou t   tha t   the   da ta   in   Tab le  I should  not   be 

m is taken   f o r   t he   d i s t r i bu t i on ,  i n  terms o f   r e l a t i v e   d u r a t i o n ,  of t he  

d i f f e r e n t   s l e e p   s t a g e s   d u r i n g  a night   o f   s leep.  The samples  studied 

Were not   representat ive  o f   normal   s leep  pat terns  because  s leep-d is turb ing 

s t i m u l i  were p r e ~ e n t e d . ~  

Four   s igna ls  were recorded  from  each  subject. They were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

1. EEG"Le f t   o r   r i gh t   cen t ra l   e lec t rode  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( C  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor C monopolar 
3 4 

w i t h   r e s p e c t   t o   t h e   c o n t r a l a t e r a l   m a s t o i d  

2. Two eye-movement e lec t rodes ,   one  s l igh t ly   above and 

t h e   o t h e r   s l i g h t l y  below the   ou te r   can th i   o f   t he   eye  

and  bo th   monopo lar   w i th   respec t   to   s ing le   e lec t rode 

j u s t  above  the  nasion 

3. B i p o l a r   e l e c t r o d e s  on the  lower  chin,   one  to two cm 

t o   t h e   r i g h t  and l e f t  of the  midl ine.  

B. Resu l ts  

1. Comparisons of Sleep  Stages  as  Scored  Visual ly  by Two 
_p "~ 

P a i r s  of Scorers  

In   t he   f o l l ow ing   t ab les   t he  data i n d i c a t e   t h a t   t h e  amount  of 

agreement  between  the two groups  of  scorers  depends  not  only upon t h e  

i nd i v idua l   be ing   sco red   bu t   a l so  upon t h e   s t a g e  of s leep  be ing  scored.  

Table I1 shows that  agreement  var ied  between 97 p e r c e n t   i n   t h e   s c o r i n g  

of s t a g e  4 f o r   t h e   c h i l d r e n   t o  22 percen t   i n   t he   sco r ing   o f   s tage  awake 

i n   t h e  middle-aged  group,  while  agreement  between  the  scorers  over a l l  

11 



Tablo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ACREEYENT ( I N  PERCENT)  BETWEEN SLEEP STAGES AS CLASSIFIED VISUALLY 

BY THE SRI LABORATORY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND AS CLASSIFIED BY THE UNIVERSITY 

OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(IKWICMA SLEEP LABORATORY 

This and  subsequent   s im i la r   tab les   can  be read   as   f o l l ows :   f o r   any   g i ven  row the  numbers  ( in   percent)   above 

the   d iagona l   l i ne   shou ld   be   read,   and  fo r   any   g iven  column  read  the  numbers  below  the  d iagonal   l ines.  Thus, 

f o r   t h e   c h i l d r e n ,  of the  73  epochs  scored 0 ( rows)   in   the  SRI l a b o r a t o r y  87.7 percent  were  scored 0 and 

12.3  percent   were  scored 1 by t h e  Oklahoma group.   In   con t ras t ,   o f   the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA79 epochs  scored 0 (column) in the 
Oklahoma l a b o r a t o r y  81 percent   were  scored 0, 15.2  percent   were  scored 1, and  3.8  percent  were  scored REM 
i n   t h e  SRI l a b o r a t o r y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 
F o r   t h e   o l d   g r o u p ,   t h e   l a r g e   m a j o r i t y   o f   e n t r i e s   i n   t h i s  column a r e   s c o r e s  of X.  S e e   t e x t .  
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c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
stages for  each subject, as s h o w n  i n  Table 111, ranged b e t w e e n  38 and 

88 percent. 

Table I11 

PERCENT  AGREEMENT  BETWEEN  SLEEP  STAGES A S  CLASSIF IED  V ISUALLY 

BY  THE S R I  LABORATORY, THE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOKLAHOMA M O R A T O R Y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND THE 

COMPUTER  FOR  EACH  OF 12 SUBJECTS 

G r o u p  

C h i l d r e n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 
A l l   C h i l d r e n  
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 45 

Middle- 
45 

A g e d  55 

- 

Subject  

LP 

D P  

SP 

K P  

vs 

DM 

E J  

1 57 I RY 

A l l  Midd: - 

A l l   O l d  

- A g e d  

69 

70 

74 

75 

. -  

~ 

OH 

GA 

J R  

HC 

A l l  Subjects 

A g r e e m e n t  ( i n  Percent) 
B e t w e e n   S R I  Lab and: 

w h o m a  Laboratorv I C o m m t e r  

68 

58 79 

62 84 

53 85 

78  82 

56  69 

57 70 

59 69 

70 69 

38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

82  63 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

68 

59  73 

60 68 

70 83 

64 88 

35 38 

60 



C l e a r l y   t h e   s l e e p   r e c o r d s   o f  some' s u b j e c t s  were more d i f f i c u l t  

t o   s c o r e   t h a n   t h o s e   o f   o t h e r   s u b j e c t s .   F o r  example, t h e   s c o r e r s   f r o m   t h e  

Oklahoma labora tory   thought  i t  n e c e s s a r y   t o   a s s i g n  a new stage,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX", t o  

some epochs  o f   subject  OH. These epochs   fea ture  a p a r t i c u l a r l y   " f l a t "  

EEG wi th   re la t i ve l y   l ong   bu rs ts   (abou t  2 seconds)   o f   sp ind le- l ike low- 

v o l t a g e   a c t i v i t y   ( a b o u t  25 microvol ts)   but  at  a frequency (17-20 Hz) 

that .   could  not   be  considered  spindles.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 

Another   factor   in   the  d isagreement   between  scorers  w a s  t h e  

ampl i tude  of   the EEGs. I n   p a r t i c u l a r   t h e  slow-wave a c t i v i t y   ( l e s s   t h a n  

2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz) of   ch i ldren was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof very  h igh  vol tage  (above 600 microvo l ts )  

t y p i c a l l y ,   w h i l e   b e i n g   r e l a t i v e l y  low (below 100 m i c r o v o l t s )   i n   t h e   o l d  

men. Th is   p rec luded  the   d i rec t   use   o f   s tandard  c r i t e r i a  such as are 

presented   in   Rechtschaf fen  and  Kales.6  Rather, i t  w a s  necessary   fo r   each 

sco re r  on t h e   b a s i s  of h i s   e x p e r i e n c e   t o   e s t a b l i s h   a m p l i t u d e  cr i te r ia  f o r  

each  subject .  I t  i s  clear t h a t   d i f f e r e n t  cr i te r ia  were chosen  by 

d i f f e r e n t   p a i r s   o f   s c o r e r s ,  as i s  i nd i ca ted  by the   d isagreements   in  

Table I1 i n   t h e   s c o r i n g   o f   s t a g e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, 3, and 2. 

2. Comparison  of  Automatic  Scoring  with  Visual  Scoring zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~~~ ~ ~. . ~- 

by t h e  SRI Laboratory 

Examination  of  Tables I11 and I V  shows t h a t  when the  automat ic  

scor ing   techn ique i s  compared t o   v i s u a l   s c o r i n g ,  much higher  agreement 

was found  fo r  some s u b j e c t s  and f o r  some s l e e p   s t a g e s   t h a n   f o r   o t h e r s .  

Least agreement  between  automatic  and  visual  scoring w a s  found  fo r   s tages  

1 and REM. While deve lop ing   th is   scor ing   sys tem,  l i t t l e  e f f o r t  was put 

i n t o  making t h e   s t a g e  awake versus   s tage 1 dec is ion ,  and i t  i s  now clear 

t ha t   t he   pa ramete r  (mean a l p h a   t o  mean t h e t a   r a t i o )   c h o s e n   t o  make t h i s  

d i sc r im ina t i on  was inadequate.  The d isagreement   in   scor ing  REM was p a r t l y  

due   t o   m iss ing  some REM p e r i o d s   e n t i r e l y ,  and par t l y   due  to   d isagreements  

14 



T a b l e   I V  

AGREEMENT ( I N  PERCENT) BETWEEN SLEEP  STAGES  AS  CLASSIFIED  VISUALLY 

BY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE SRI LABORATORY AND AS  CLASSIFIED BY THE COMPUTER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

1 1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

REM 

" 

Column T o t a l   ( N )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-7"" - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

I 4 

I REM 

3 

3 o l u m n   T o t a l   ( N )  

187 I 358 I 189 I 27 I 264 I I1216 I 

138 I 5.76 I 128 I 17 I 94 I 7 I1030 1 

1 on 48  80 19  1076 

I 
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concern ing  the  beginn ing and ending  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAREM periods. Of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA42 REM per iods  

l as t ing  6 epochs   o r   l onger  as scored  by  the  authors,   the  automat ic   system 

completely  missed 14. These misses probably were d u e   t o  an over ly  con- 

s e r v a t i v e   c r i t e r i o n   f o r  EMG magnitude i n  the  automat ic  system. 

Disagreements  in   the  scor ing  o f  stages 3 and 4 poss ib ly  are of 

i n t e r e s t   b e c a u s e   t h i s   c l a s s i f i c a t i o n   s h o u l d   b e   t h e  easiest to   automate.  

The scor ing  manual' states t h a t  a slow wave, of less than 2 Hz, having 

a magni tude  g rea ter   than 75 Mu v o l t s   r e p r e s e n t s  de l ta  a c t i v i t y   ( p r o v i d i n g  

i t  i s  not  a K-complex). I f   an  epoch  has more than 50 percent de l ta  

a c t i v i t y ,  i t  should  be  scored  s tage 4, and i f   an  epoch  contains  between 

20 and 50 percent d e l t a   a c t i v i t y ,  i t  should  be  scored stage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis r u l e  

was f o l l owed   exac t l y   i n   t he   compu te r   excep t   t ha t   d i f f e ren t   vo l tage  

th resho lds  had to   be  used  because  o f   the  wide  d ispar i ty   wi th   respect   to  

ampli tude  between  subjects. The v isua l   scorers   p resumably   a lso  had t o  

u s e   d i f f e r e n t   t h r e s h o l d s   f o r   d i f f e r e n t   s u b j e c t s ,  and i t  is c l e a r   t h a t ,  

i f   t h e  human was us ing   t he  same threshold as the  computer,  agreement 

should  be  near ly  100 p e r c e n t   i n   t h e   s c o r i n g  of s t a g e s  3 and 4. I t  i s  

equa l l y  clear t h a t ,   i f   t h e  human and  computer  thresholds were d i f f e r e n t ,  

c o n s i s t e n t   m i s c l a s s i f i c a t i o n s  would resu l t .   That  is, i f   t h e  computer 

requ i red  a h i g h e r   v o l t a g e   f o r  a slow wave t o   b e   l a b e l l e d  de l ta  than  d id  

t h e  human scorer ,   the  automat ic   system would  sometimes  misclassify  stage 

4 as s t a g e  3, and  s tage 3 as s t a g e  2, bu t   neve r   i n   t he   oppos i te   d i rec t i on .  

However, a n a l y s i s  of t h e   d a t a  showed t h a t   m i s c l a s s i f i c a t i o n s   i n   b o t h  

d i r e c t i o n s  were made. Th is   f ind ing   suggests   tha t   the   d isagreements  

between  the  automat ic  system and v i sua l   sco r ing  were due   no t   on l y   t o   t he  

choice  of   the wrong th resho ld   l eve l s   i n   t he   au tomat i c   sys tem,   bu t   a l so  

t o   i n c o n s i s t e n c i e s   i n   c h o i c e   o f   t h r e s h o l d s  among t h e  human scorers .  
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I V  DISCUSSION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND CONCLUSION 

I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis clear t h a t   n e i t h e r   t h e  EEG s leep  records   scored   v isua l l y   by  

t h e  Oklahoma group  nor   those  scored by computer showed high  agreement 

w i th   sco res   v i sua l l y   ass igned  by the   au tho rs  of th is   paper .  The agree- 

ment (about 73 percent   over  a l l  age groups  and  sleep  stages)  found  between 

reco rds   sco red   v i sua l l y  i s  of   the  order   that   might   be  expected on t h e  

b a s i s  of o t h e r   s t u d i e s 4  and i n   l i g h t  of t he   f ac t   o f   t he   l im i ted   exper ience  

o f   t h e   s c o r e r s   w i t h   t h e   s l e e p  EEGs of  the  age  groups  studied (see Ref. 2, 

Table 3). Our exper ience  suggests   tha t   the  c r i te r ia  descr ibed by 

Rechtschaffen and Kales" are n o t   a p p l i c a b l e   t o  a l l  age  groups  o f   subjects .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A case i n   po in t ,   poss ib ly   ex t reme,  may be t h e  two-second burst   o f   sp ind le-  

l i k e   b e t a   a c t i v i t y   s e e n   i n   o n e  of the  69-year-old men as was noted  above. 

S i m i l a r   a c t i v i t y  w a s  s e e n   a l s o   i n  two o f   the   o ther   o ld  subjects ,  bu t   t he  

segments   o f   the i r   records   con ta in ing   the   ac t i v i t y  were not  analyzed as 

a p a r t  of t h i s   r e p o r t .  

The agreement  between  s leep  stage  assignments by the  automat ic   system 

and those by human sco re rs  was n o t   s u f f i c i e n t l y   h i g h   t o   j u s t i f y   u s e  of 

the   au tomat ic   sys tem  ( in  i ts  cu r ren t  s ta te )  i n  a s l e e p   r e s e a r c h  program. 

In   sea rch ing   f o r  ways t o  improve  the  system i t  i s  reasonab le   to   ask  how 

w e l l  the   au tomat ic   scor ing   sys tem  does   i f  w e  i gno re   t he   s tage  awake 

ve rsus   s tage  1 discr iminat ion,   which was n o t   o f   p a r t i c u l a r   i n t e r e s t   i n  

t h i s   s t u d y ,  and a l s o   i g n o r e   t h e   s t a g e  3 versus   s tage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 d iscr im ina t ion ,  

which w e  know can be made by  computer as well as i t  i s  made by humans f o r  

a spec i f i ed   amp l i t ude   c r i t e r i on   o f  del ta  ac t i v i t y .   These  data, shown i n  

Table V, i n d i c a t e  a marked super io r i t y   i n   ag reemen t  between human s c o r e r s  
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AGREEMENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( I N  PERCENT) BEMZEN GROUPED SLEEP  STAGES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AS CLASSIFIED BY THE AUTHORS, THE UNIVERSITY OF OKLAHHMIA 

SLEEP  LABORATORY, ANTI THE COMPUTER FOR SUBJECTS 

I N  THREE AGE GROUPS 

S l e e p   S t a g e  Row Row 

To ta l  As S c o r e d   S l e e p   S t a g e   a s   S c o r e d  i n  Oklahoma Laboratory Total S l e e p   S t a g e  as Scored  by  Computer 
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(80 percent   over  a l l  sub jec ts )   over   the   agreement   be tween  the   au tomat ic  

system  and human s c o r e r s  (66 percent   over  a l l  s u b j e c t s ) .  

The problems in   the   au tomat ic   scor ing   sys tem  can  p robab ly   be   so lved 

i n   s e v e r a l   s t e p s .   F i r s t  of al l ,  more p o s i t i v e   i d e n t i f i c a t i o n  of s t a g e  

awake  and s l e e p  stage 1 should  be  implemented. This may r e q u i r e   t h e  u s e  

of add i t i ona l  EEG l eads   p laced  to   p rov ide  good evidence of a l p h a   a c t i v i t y  

as is found in   t he   res t i ng   sub jec t   w i th   c losed   eyes ,  and a l s o   t h e  examin- 

a t i o n  of the   eye   channe ls   fo r  "slow r o l l i n g "   a c t i v i t y ,   w h i c h   t e n d s   t o  

o c c u r   i n  sleep stage 1. 

Secondly,  stage 2 can be d iscr im ina ted  more p o s i t i v e l y  by i d e n t i -  

f y i ng  K-complexes  and ensur ing   tha t   they  are not   mis taken  for  de l ta  

a c t i v i t y .  When us ing  the  system  wi th  many d i f f e ren t   ages   o f  sub jec ts ,  

accura te   scor ing  of s t a g e  2 may requ i re   tun ing   the   cen ter - f requency  of 

t h e   s p i n d l e   a c t i v i t y   f i l t e r   ( s e t   a t   a b o u t   1 4 . 5  H z  f o r  a l l  s u b j e c t s   i n  

t h i s   s t u d y )   f o r   e a c h   s u b j e c t .  

F ina l l y ,   de tec t i on  of s tage  REM must be improved. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s i g n i f i c a n t  

improvement  probably  can be obta ined by f i l t e r i n g   t h e  EMG channel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso 

as t o  improve i t s  s igna l - to -no ise   ra t i o  and  by us ing  a more e labo ra te  

a lgor i thm  to   determine  those  epochs  mark ing  the  beginn ing and  end of t h e  

R E M  per iods.  

The ev idence  ob ta ined  in   th is   s tudy   suggests   tha t   w i th   the   improve-  

ments  out l ined  above,  agreement  comparable  to  that   found  between human 

scorers  should be ob ta inab le   i n   an   au tomat i c  real-time c l a s s i f i c a t i o n  

system. 
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Funct ion  Computer  Program  Descr ipt ion 

S t e p  1--To con t ro l   samp l ing  Each   o f   t he   e igh t   ana log   channe ls   f rom  each   sub jec t  is sampled  and  d ig i t i zed  
a n d   d i g i t i z i n g  ( s e e   F i g u r e  3 and  accompanying  discussion).  The 1 5 - b i t   2 ' s  complement  number 

f r o m   t h e   d i g i t i z e r  is s h i f t e d  t o  produce a 16 -b i t   wo rd ,   i nc lud ing   s ign ,   i n   t he  

CE-16. All d a t a   ( 3 2   w o r d s )  are s t o r e d   i n   r e s e r v e d   l o c a t i o n s   i n   p a g e  0 of  
memory. 

S t e p  2--To d e t e c t  and The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsign zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a newly-arr ived  sample  f rom  the  subject  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof i n t e r e s t  i s  compared 

measure delta a c t i v i t y   w i t h   t h e   s i g n   o f   h i s   p r e v i o u s   0 - 2 . 5  Hz sample .   I f   the   s ign  i s  t h e  same, a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(0-2.5 Hz). and to  time counter  i s  i nc remented  (a   one i s  added t o   t h e   p r e v i o u s   n u m b e r )  and t h e  
e l i m i n a t e   a r t i f a c t s   d u e   a b s o l u t e   a m p l i t u d e   o f   t h e   s a m p l e  i s  compared  wi th   the  largest   ampl i tude  found 

t o  movement, GSR, e t c .   d u r i n g   t h e   p e r i o d   i n   w h i c h   t h e   s a m p l e s   h a v e   h a d   t h i s   s i g n .   I f   t h e   s a m p l e   i n  
f o r   s u b j e c t  1 ques t ion   has  a g r e a t e r   a m p l i t u d e ,   t h e  maximum ampl i tude i s  c h a n g e d   t o   t h i s  new zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" 

va lue .  However, i f   t h e   s i g n  i s  d i f f e r e n t  from tha t   o f   t he   p rev ious   samp le ,  
t h e  time c o u n t e r  i s  c h e c k e d   t o   d e t e r m i n e   ( 1 )   t h a t  a t  l e a s t   1 5 0   m i l l i s e c o n d s  

and  not  more  than 1 second was s p e n t   i n   t h e   p r e v i o u s  time s t a t e ,  and ( 2 )  t h a t  
t h e   a b s o l u t e  maximum ampl i tude  ob ta ined  dur ing   the   p rev ious   sample   per iod  i s  
g r e a t e r   t h a n  a p a r t i c u l a r   t h r e s h o l d *   ( H O l ) ,   s e t   u n i q u e l y   f o r   e a c h   i n d i v i d u a l .  

I f   bo th   cond i t i ons   a re   me t ,  i t  is assumed tha t   one   ha l f   o f   an  EEG slow wave 
of   f requency . 5  t o   3 . 0  Hz has   been  de tec ted   and  the  amount  of  t ime  spent i n  

the   p rev ious   sample   per iod  i s  added  to  a r e s e r v e d  word d e s c r i b i n g   t h e  amount 
o f  time s p e n t  by t h i s   p e r s o n   i n   s l e e p   s t a g e   d e l t a   i n   e a c h   e p o c h .  If e i t h e r  
t h e  time or maximum a m p l i t u d e   c r i t e r i a  are not  m e t ,  t h e n   t h e  time i n   t h e   p r e -  

v i o u s   s i g n  state is cons ide red   no t   t o   have   been   de l ta  time ( i t  may have  been 

an a r t i f a c t  or some o t h e r   a c t i v i t y )  and t h e   s t e p  i s  f i n i s h e d .  

S t e p  3--To d e t e c t   a l p h a   F i r s t ,   t h e   a m p l i t u d e   o f  a newly-obtained  8-12 Hz sample i s  added t o  a doub le  
a c t i v i t y   ( 9 - 1 2  Hz)  and p r e c i s i o n  number ( a  number o f  31 b i t s   r a t h e r   t h a n   1 6   b i t s )   c o n t a i n i n g   t h e  sum 

d i s c r i m i n a t e  i t  f rom  o f   the   ampl i tudes   in   the   8 -12  Hz samples  of  each  epoch.  Next,  the  8-12 Hz 
a c t i v i t y   i n   t h e  3-7 Hz sample is compared t o   a n   i n d i v i d u a l ' s   t h r e s h o l d   ( H 8 )   f o r   t h a t   f r e q u e n c y   b a n d .  

and  13-16 Hz bands   i n  If the  8-12 Hz sample  ampl i tude is  g r e a t e r   t h a n  i t s  t h r e s h o l d ,   i n   o r d e r   t o  

s u b j e c t  1 assure   t ha t   t he   amp l i t ude   o f   t he   8 -12  Hz s i g n a l  i s  n o t   d u e   t o   c r o s s t a l k  from 
ad jacent   bands ,   the   3 -7  Hz sample i s  compared t o  i t s  (3-7 Hz) t h r e s h o l d  

(L83), and t h e  13-16 Hz sample i s  compared t o  i t s  (13-16 Hz) threshold  (L813) .  
I f   the   ampl i tudes   in   bo th   ad jacent   bands  are less t h a n   t h e i r   t h r e s h o l d s ,   t h e  
word k e e p i n g   t r a c k   o f   t h e  number  of  samples i n  an  epoch  that  show s i g n i f i c a n t  

a l p h a   a c t i v i t y  i s  incremented. 

S t e p  4--To d e t e c t   s p i n d l e  T h i s   s t e p  i s  v e r y   s i m i l a r   t o   S t e p  3. F i r s t ,   t h e  13-16 Hz sample  ampl i tude is 
a c t i v i t y   ( 1 3 - 1 6  Hz)  and added t o  a doub le   p rec is ion   number   con ta in ing   the  sum of such  numbers i n   t h e  

d i s c r i m i n a t e  i t  from epoch.  Second,  the  13-16 Hz sample  and  8-12 Hz sample are compared t o   t h e  
a l p h a   a c t i v i t y   i n   s u b j e c t  1 t h resho lds   f o r   t hose   bands .   I f   t he   13 -16  Hz sample is h i g h e r   t h a n  i t s  

t h resho ld   (H l3 )  and t h e  8-12 Hz s i g n a l  i s  l ower   than i ts  t h r e s h o l d  (L138), a 

c o u n t e r   i n d i c a t i n g   s p i n d l e   a c t i v i t y  i s  incremented. 

S t e p s  5 ,  6,  7--To  add t h e  The samp led   amp l i t udes   o f   s igna ls   i n   t he  3-7 Hz and  16-40 Hz bands are added 
amp l i t udes   ob ta ined   i n   t he   t o   doub le   p rec i s ion   numbers   con ta in ing   t he  sums of   each  k ind of a c t i v i t y   d u r i n g  
samples  o f   the 3-7 Hz, 16-   an   epoch.   In   l i ke   manner ,   the   ampl i tude  o f   the  EMG s i g n a l  i s  added t o  i t s  
40 Hz bands,  and  the EMG p r e v i o u s l y   o b t a i n e d   l e v e l .  

a c t i v i t y   t o   t h o s e   o b t a i n e d  
e a r l i e r   i n   a n   e p o c h  

( s u b j e c t   1 )  

* 
I t  i s  i m p o r t a n t   t o   n o t e   t h a t   t h e   t h r e s h o l d   v a l u e s   v a r y  as some f u n c t i o n   o f   t h e   i n d i v i d u a l  and t h e   s t a g e  
( s t e p )  of d a t a   p r o c e s s i n g .   I n   o r d e r   t o   i l l u s t r a t e   t h i s   p o i n t   t h e   t h r e s h o l d   v a l u e s   u s e d   i n   t h i s   s t u d y   a r e  

p r e s e n t e d   i n   T a b l e  A-I. The v a l u e s   a r e   a r b i t r a r y   s i n c e   t h e y   d e p e n d  upon t h e   p a r t i c u l a r   a m p l i f i e r s ,   a t -  

t e n u a t o r s ,   f i l t e r s ,   e t c . ,   u s e d   i n   a n y   l a b o r a t o r y .  They a r e   p r e s e n t e d   h e r e  t o  i l l u s t r a t e   t h e   r e l a t i v e  mag- 

n i tudes   o f   th resho ld   vo l tages   observed  be tween  the   th ree   age  g roups   and  be tween  ind iv idua ls   w i th in   an   age 

group. 
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S t e p  &-To d e t e c t  EOG 
( e l e c t r o - o c u l o g r a p h i c )  
a i g n a l s   r e p r e s e n t a t i v e  of 
those  found  dur ing   the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAREM 
( r a p i d   e y e  movement) s l e e p  
a t a g e   i n   s u b j e c t  1 

S t e p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9--To ob ta in   and  
process   da ta   f rom  sub-  
jects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  3, 4 

S t e p  1O--To c h e c k   f o r  a 
new epoch 

S t e p  11--To monitor,  
c o n t r o l ,  and command 
p r i n t i n g   o f   i n f o r m a t i o n  
on t h e   t e l e t y p e  

S t e p  12--To c o n t r o l   t h e  

in te rva l   be tween 
s u c c e s s i v e   r e p e t i t i o n s  
o f   S tep  1 

S t e p  13--To re tu rn   p ro -  

c e s s i n g   t o   S t e p  1 f o r  
s u b j e c t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, 3, and 4 

S t e p  14--To c a l c u l a t e   t h e  
pa ramete rs   used   i n  

d e c i d i n g   t h e   s l e e p   s t a g e  
o f   sub jec t  1 

S t e p  15--To c a l c u l a t e  
d e c i s i o n   p a r a m e t e r s  fo r  
s u b j e c t s  2, 3, and 4 

The signs o f   t h e  two EOG samples are compared t o   d e t e r m i n e   ( 1 )   i f   t h e y   a r e   o f  
o p p o s i t e   p o l a r i t y ,   a n d   ( 2 )   i f   t h e i r   a m p l i t u d e s   e x c e e d  a t h r e s h o l d  (KEY). I f  
bo th  criteria above are met, and i f   t h e  EhlG sample i s  below a s p e c i f i e d  
t h r e s h o l d  (LYE), a temporary   counter  i s  i n c r e m e n t e d .   I f   t h e   c r i t e r i a   a r e   n o t  
met, t h e  same temporary   counter  is checked to  d e t e r m i n e   i f   t h e   c r i t e r i a  were 
met , I n  the   immedia te ly   p receed ing   samples   and  i f  so t o   d e t e r m i n e   i f  less t h a n  
one  second was s p e n t   i n   t h e   d e s i r e d  state. mat is, w e  check  whether an eye 
movement has  occurred  and  whether i t  was a rap id   eye  movement (REM). I f   t h e r e  
has  been a REM, t h e  amount  of time s p e n t  i n  t h e  REM is added t o  a word t h a t  
k e e p s   t r a c k   o f   p o t e n t i a l  REM time i n   an   epoch .  The temporary   counter  i s  t h e n  
set to  z e r o   a n d   t h e   s t e p  is f i n i s h e d .  

Repeat   Steps 1 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 f o r  2nd, 3rd, and 4 t h   s u b j e c t s  

Epoch t im ing  16 accomp l i shed   v ia   an   ex te rna l   i n te r r vp t   sys tem  ( see   F igu re   1 ) .  
Every 20 seconds a p u l s e  is g e n e r a t e d   e x t e r n a l l y  and i s  put   on   one  o f   the  
i n t e r r u p t   l i n e s  of t h e  CE-16. ?he p u l s e   c a u s e s   t h e   c o m p u t e r   t o   s t o p  i t s  
ord inary   schedu le   o f   p rocess ing   fo r   100  mic roseconds  and  to   inc rement  a s p e c i a l -  

reserved word i n  page 0 of  memory. A t  s t e p   1 0   i n   t h e   p r o c e s s i n g   s c h e d u l e ,   t h i s  
s p e c i a l  word is examined t o   d e t e r m i n e   i f  i t  has   changed   s ince   t he  las t  time 
S t e p   1 0  was executed.   I f  so, p rocess ing  is con t inued   w i th   S tep   14 ;   o the rw ise  
S t e p s  11, 12,  and 13 occur. 

M e n   t h e   s l e e p s c o r i n g   p r o g r a m  i s  o p e r a t e d   i n   t h e  mode in wh ich   s leep   s tages  
f o r   e a c h   o f   t h e   f o u r   s u b j e c t s   a r e   p r i n t e d   o u t  and i n  which d e t a i l e d   i n f o r m a t i o n  
is p r i n t e d   o u t   f o r   o n e   s u b j e c t ,   a p p r o x i m a t e l y  60 charac te rs   o f   i n fo rma t ion  
must   be   p r in ted   ou t  in e a c h   e p o c h .   S i n c e   t h e   t e l e t y p e   p r i n t e r   c a n   p r i n t   a t  
t h e   r a t e  of t e n   c h a r a c t e r s   p e r   s e c o n d ,  s i x  s e c o n d s   a r e   r e q u i r e d   t o   p r i n t   t h e  
60 c h a r a c t e r s .  However, i t  is not   necessary to  c u t   t h i s  much t ime  out  of   each 
20-second  epoch,   s ince  once  the  computer   has  to ld   the  te le type  what   to   pr in t - -  
wh ich   requ i res   on ly  a few  mic roseconds- - i t   can   con t inue  to   do   o ther   p rocess ing  
w h i l e   t h e   t e l e t y p e  i s  p r i n t i n g   t h e   c h a r a c t e r .  Thus t h i s   s t e p   i n   t h e  program 
i s  occupied  by a r o u t i n e   t h a t  (1) d e t e r m i n e s   i f   a n y t h i n g  more needs  to   be  
p r i n t e d  from t h e  last  epoch, ( 2 )  i f  so, i t  c h e c k s   t o   s e e  if t h e   t e l e t y p e  is 
s t i l l  busy   t yp ing   t he  last  c h a r a c t e r ,   ( 3 )   i f   n o t ,  i t  s e n d s   t h e   n e x t   c h a r a c t e r  
t o   b e   p r i n t e d   t o   t h e   t e l e t y p e .  

A d e l a y  i s  i nse r ted   t o   cause   t he   t ime   be tween  two success i ve   execu t ions   o f  
S t e p  1 t o   b e  50 m i l l i s e c o n d s ,   t h u s   c r e a t i n g  a sampl ing   ra te   o f   400  t imes  per  
second. 

Command t h e   c o m p u t e r   t o   r e t u r n  and e x e c u t e   S t e p  1. 

I n   t h i s   s t e p   c e r t a i n   p e r c e n t a g e s  and a v e r a g e s   t o   b e   u s e d   i n   S t e p   1 6   t o   d e t e r -  
mine t h e   s t a g e  of s l e e p   a r e   c a l c u l a t e d .  The pa ramete rs   ca l cu la ted   and   t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' 

s teps   f rom  wh ich   they   were   ob ta ined  a re :   (a )   percentage of time s p e n t   i n  
p o t e n t i a l   d e l t a   a c t i v i t y - - b a s e d  upon S t e p  2;  ( b )   p e r c e n t  time s p e n t   i n   p o t e n t i a l  
a l p h a   a c t i v i t y - - b a s e d  upon S t e p  3; ( c )   p e r c e n t   t i m e   s p e n t  in p o t e n t i a l   s p i n d l e  
a c t i v i t y - - b a s e d   u p o n   S t e p   4 ;   ( d )   p e r c e n t   t i m e   s p e n t   i n   p o t e n t i a l  REM--based 
upon  Step 8 ;  ( e )   a v e r a g e   a b s o l u t e   a m p l i t u d e s   o f   a c t i v i t y   i n   t h e  3 to 7 Hz, 
8 t o  12 Hz, 13 t o   1 6  Hz, 1.6 t o  40 Hz bands, and i n   t h e  EMG c h a n n e l :   a n d   ( f )  
average  abso lu te   ampl i tude  o f  3 t o  7 Hz a c t i v i t y   d i v i d e d   b y   t h e   a v e r a g e  ab- 
so lu te   amp l i t ude   o f  8 :c. 12 Hz a c t i v i t y   ( t h e  mean t h e t a  to mean a lpha rat io) .  
Percentages   and  averages ,   ra ther   than  s imp le  sums, a r e   r e q u i r e d   s i n c e   s l i g h t l y  
d i f f e r e n t   n u m b e r s  of samples may be   ob ta ined  i'n d i f fe ren t   epochs .   A l though 
t h e   p a r a m e t e r s   l i s t e d   a b o v e  are c a l c u l a t e d   f o r   e a c h  of t h e   f o u r   s u b j e c t s ,   t h e y  
are p r i n t e d   o u t   o n l y   f o r  a s ing le   sub jec t   because   o f   t he   l im i ted   t yp ing   speed  
o f   t h e   t e l e t y p e .   C l e a r l y ,   t h e s e   d a t a   c o u l d   b e   s t o r e d  on magnet ic   o r   paper   tape.  

R e p e a t   S t e p   1 4   f o r  Znd, 3rd,   and  4 th  subject .  
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S t e p  16--To c a l c u l a t e   C l a s s i f i c a t i o n  is b a s e d   o n   t h e   p a r a m e t e r s   c a l c u l a t e d   i n   S t e p   1 4   ( S t e p   1 5   f o r  
p a r a m e t e r s   f o r   s u b j e c t s   s u b j e c t s  2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4), and  proceeds as fo l lows:  

2, 3, and 4 

Dec is ion :   ( c )  
Movement 
Time 

( d  1 

Dec is ion :  (i) 
S l e e p  

Stage 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( j  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 

Decis ion:   (m)  
S l e e p  

Stage 3 
( n )  

Dec is ion :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 0 )  

S l e e p  

Stage 2 

(P) 

(5) 

D e c i s i o n :   ( t )  

S l e e p  
S t a g e  REM 

(U) 

(V) 

Compare t h e   a v e r a g e  EMG v a l u e   i n   t h e   e p o c h   w i t h   t h e   i n d i v i d u a l ' s  

t h r e s h o l d  (EM). I f  i t  i s  less t h a n  EM, ga to  S t e p  d. 

Compare t h e   a v e r a g e   b e t a   ( 1 6  to  40 Hz) l e v e l   i n   t h e  epoch  with 

t h e   i n d i v i d u a l ' s   t h r e s h o l d  (BM). I f  i t  is less t h a n  BM, go 

to  Step  d .  

S t o r e   t h e  number 10 i n  two epoch  counters  (CNT2 & CNlS). Call 
t h e  state of s I e e p  6 (movement time) and go to Step   ee .  

Compare t h e   p e r c e n t a g e   o f   p o t e n t i a l   s p i n d l e   a c t i v i t y   i n   t h e  
epoch t o   t h e   i n d i v i d u a l ' s   t h r e s h o l d   ( 5 2 ) .   I f  i t  is less than  

S2,  go t o   S t e p   f .  

P u t   t h e  number 0 i n   t h e   e p o c h   c o u n t e r  CNTP. 

Compare t h e   p e r c e n t a g e   o f   d e l t a   a c t i v i t y   i n   t h e   e p o c h  to  t h e  

i nd i v idua l ' s   t h resho ld   (D4- - I t  is equa l  to  50 p e r c e n t   f o r  a l l  

1 2   s u b j e c t s ) .  If i t  i s  less t h a n  D4, go  t o  S t e p  j .  

Compare t h e   a v e r a g e   b e t a   l e v e l   t o   t h e   i n d i v i d u a l ' s   t h r e s h o l d  

(B4).   I f  i t  is g r e a t e r   t h a n  B4, g o   t o   S t e p  n. 

Compare t h e   a v e r a g e   t h e t a  to  a v e r a g e   a l p h a   r a t i o   i n   t h e   e p o c h  
to  t h e   i n d i v i d u a l ' s   t h r e s h o l d   ( R 4 ) .   I f  i t  is less t h a n  R4, 

jump to S t e p  n. 

C a l l  t h e   s t a g e   o f   s l e e p  4 and  go to  S t e p   e e .  

Compare t h e   p e r c e n t a g e   o f   d e l t a   a c t i v i t y   i n   t h e   e p o c h   t o   t h e  

i n d i v i d u a l ' s   t h r e s h o l d   ( D 3 - - I t  is e q u a l   t o  20   percent   fo r  
a l l  1 2   s u b j e c t s ) .   I f  i t  is less t h a n  D3, go to  S t e p  n. 

Compare t h e   a v e r a g e   b e t a   l e v e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto t h e   i n d i v i d u a l ' s   t h r e s h o l d  

(83 ) .   I f  i t  is g r e a t e r   t h a n  B3, go to  S t e p  n. 

Compare t h e   a v e r a g e   t h e t a   t o   a v e r a g e   a l p h a   r a t i o   t o   t h e  
i n d i v i d u a l ' s   t h r e s h o l d   ( R 3 ) .   I f  i t  is less than R 3 ,  go to  
S t e p  n. 

C a l l  t h e   s t a g e  of s l e e p  3 and  go t o   S t e p   e e .  

S t o r e   t h e  number z e r o   i n   t h e   c h a r a c t e r i s t i c   c o u n t e r ,  NCHAR. 

Compare t h e   p e r c e n t a g e   o f   p o t e n t i a l   s p i n d l e   a c t i v i t y   t o   t h e  

i n d i v i d u a l ' s   t h r e s h o l d  (S2). I f  i t  is g r e a t e r   t h a n  52, 

increment NCHAR. 

Compare t h e   t h e t a   t o   a l p h a   r a t i o  to  t h e   i n d i v i d u a l ' s   t h r e s h o l d  

(R2). I f  i t  is g r e a t e r  or e q u a l   t o  R2, increment NCHAR. 

Compare t h e   a v e r a g e  EMC va lue   w i th   t he   t h resho ld   (E2 ) .   I f  

i t  is less than or e q u a l   t o  E2, increment NCHAR. 

Compare t h e   a v e r a g e   b e t a   o u t p u t   w i t h   t h e   i n d i v i d u a l ' s  

t h resho ld   (B2 ) .   I f  i t  is less t h a n  f.: e q u a l   t o  B2, increment 

NCHAR. 

I f  NCHAR is n o t   e q u a l   t o  4, go to  S t e p  p. 

S t l y e   t h e  number z e r o   i n   t h e   e p o c h   c o u n t e r  CNT2. S t o r e   t h e  

number t e n   i n   t h e   e p o c h   c o u n t e r  C N E .  C a l l   t h e   s t a g e   o f   s l e e p  

2 and go t o   s t e p   e e .  

Compare the   ave rage  EMG t o   t h e   i n d i v i d u e l ' s   t h r e s h o l d  E5. I f  

i t  is g r e a t e r   t h a n  E5, g o  to Step  u .  

S t o r e   t h e  number -1 i n   t h e   s t a t e   c o u n t e r  PREV. 

Compare t h e   p e r c e n t a g e   o f   p o t e n t i a l  REM a c t i v i t y   t o   t h e   i n -  

d i v i d u a l ' s   t h r e s h o l d   1 5 .   I f  i t  is l e s s   t h a n  15,  go to  S t e p  w. 

S t o r e   z e r o   i n   t h e   e p o c h   c o u n t e r  CNT5. 

C a l l  t h e   s t a g e   o f   s l e e p  RGM and  go t o  S t e p   e e .  

Add 1 t o   t h e  state c o u n t e r  PREV. 

I f  PREV = 0, g o   t o   S t e p  ( r ) ,  else g o  to S t e p  x .  
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( w )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIf t he   epoch   coun te r  CNT5 is less than  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10, g o  to  S t e p  t .  

( x )  I f  NCMR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis less than  2 ,   go to  S t e p   a a .  

( y )   I f   t he   epoch   coun te r  CNT2 is g r e a t e r   t h a n   9 ,   g o  to  S t e p   a a .  

Dec is ion :  (2)  C a l l   t h e  stage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof s l e e p  2 and   go  t o  S t e p   e e .  

S l e e p  Stage ( a a )  Compare the   pe rcen tage  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof p o t e n t i a l   a l p h a   a c t i v i t y   w i t h   t h e  
i n d i v i d u a l ' s   t h r e s h o l d  AO. I f  i t  is less than  AO, go to  
S t e p  CC. 

Decis ion:   (bb)  C a l l  t h e   s t a g e  of s l e e p  0 and   go  to  S t e p   e e .  
S l e e p  
St.ge (CC) Compare the   ave rage   theda  t o  a v e r a g e   a l p h a   r a t i o  t o  t h e  

i n d i v i d u a l ' s   t h r e s h o l d  RO. I f  i t  is less t h a n  RO, go t o  
Step  bb .  

Dec is ion :   (dd )   Ca l l   t he   s tage   o f  sleer, 1. 
S l e e p  
Stage (eel Increment   the  epoch  counters  C N T ~  and CNTS. 

S t e p  17--To c l a s s i f y   R e p e a t   S t e p  15 f o r   s u b j e c t s  2, 3, and 4. 

t h e   s l e e p  stages of 
s u b j e c t s  2, 3, and 4 

S t e p  18--To d e t e r m i n e   t h e  Has deta i led   in fo rmat ion   been  p rov ided on t h e  same s u b j e c t  fo r  t h e  last 16 
sub jec t   abou t  whom de-   success ive   epochs? I f  n o t ,   t r a n s f e r   t h e   c u r r e n t   s u b j e c t ' s   p a r a m e t e r s   t o   t h e  
t a i l e d   i n f o r m a t i o n  is to  o u t p u t   b u f f e r  as  fo l lows:  (1) percentage of e p o c h   s p e n t   i n   d e l t a   a c t i v i t y ,  
b e   p r i n t e d  for t h i s   e p o c h   ( 2 )   p e r c e n t a g e   o f   e p o c h   s p e n t   i n   a l p h a   a c t i v i t y ,  (3) percentage of epoch  spent 

i n   s p i n d l e   a c t i v i t y ,  ( 4 )  percentage  of   epoch  showing  eye movement, ( 5 )  mean 
t h e t a   l e v e l   d u r i n g   e p o c h ,  ( 6 )  mean a lpha   l eve l   du r ing   epoch ,  ( 7 )  mean s p i n d l e  
leve l   dur ing   epoch,  ( 8 )  mean b e t a   l e v e l   d u r i n g   e p o c h ,   ( 9 )  mean EMG l e v e l   d u r i n g  
e p o c h ,   ( 1 0 )   t h e t a   t o   a l p h a   r a t i o   d u r i n g   e p o c h .  

I f  16 epochs   have   been   devo ted   t o   t h i s   sub jec t ,   ro ta te   t o  new s u b j e c t   i n  
c i r c u l a r   o r d e r  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.+ 2 .+ 3 + 4 .+ 1. A change  can  a lso  be  accompl ished  by  manual ly  
s e t t i n g  a sw i t ch   t ha t   causes  a compu te r   i n te r rup t   t ha t   i n fo rms  i t  t o   t r a n s f e r  
t o  t h e   n e x t   s u b j e c t   i n   o r d e r .  

S t e p  19--Augment t h e  state- A m a t r i x  i s  main ta ined  in  memory t h a t  i s  p r i n t e d   o u t  a t  t h e  end  of t h e   n i g h t .  

t r a n s i t i o n   m a t r i x  This m a t r i x   c o n t a i n s   f o r   e a c h   s u b j e c t   t h e  number  of times i n   t h e   n i g h t   i n  
which a subject   went   f rom  any  g iven  s tage to  any o t h e r   s t a g e   i n c l u d i n g   t h e  same 
s t a g e .  Thus, i n   t h i s   s t e p ,   t h e  i, j ,  k cel l  of the   th ree-d imens iona l   mat r i x  
i s  incremented  where i i s  t h e   s u b j e c t  number, j is s u b j e c t  i 's  p r i o r   s t a t e   o f  
s leep,   and k is h i s   c u r r e n t   s t a g e  of   s leep.   In  t h i s  s t u d y   t h e   e p o c h s   o c c u r r i n g  
i n   t h e   t h r e e   m i n u t e s   f o l l o w i n g   t h e   p r e s e n t a t i o n  of a n   a c o u s t i c   s t i m u l u s  to a 

s u b j e c t  were no t   i nc luded   i n   t he   ma t r i x .  

" 
Step  PO--F in ish  pr ior  
epoch  p rocess ing  

Make a l l  t h e  memory c e l l s   c o n t a i n i n g  sums  and  amounts of t i m e   s p e n t   i n   v a r i o u s  
a c t i v i t y   f o r   t h e   p r e v i o u s   e p o c h  0 and  go t o   S t e p  1. 
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tu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q, 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

rhreshold 

Ies igna to r  

HOZ 

H8 

L83 

L813 

H13 

L138 

HEY 

LYE 

EM 

BM 

B4 

B3 

B2 

E2 

E5 

R4 

R3 

R2 

RO 

D4 

D3 

s 2  

I 5  

A0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-I- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t- 

1-70 

1.367 

2.500 

4.375 

2.188 

1.084 

1.250 

0.625 

0.313 

2.500 

2.891 

2.500 

2.500 

1.250 

0.625 

0.391 

2.56 

2.56 

2.084 

2.096 

50.00 

20.00 

12.80 

3.20 

. 3  

L - 
2-69 

1.367 

2.500 

4.375 

2.188 

1.250 

2.500 

0.664 

0.313 

2.734 

2.891 

2.559 

2.559 

2.924 

0.781 

0.186 

2,256 

2.256 

1.904 

1 ,280 

- 

- 

- 
50.00 

20.00 

24.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.10 

. 3  
- 

- 
3-75 

1.367 

2.500 

4.375 

2.188 

1.094 

1.250 

0.625 

0.313 

2.734 

4.375 

3.828 

3.828 

3.281 

1.250 

0.313 

1.984 

1 ,984 

1.792 

1.664 

- 

- 

- 
50.00 

20.00 

24.00 

3.00 

. 3  - 

Table A - I  

RELATIVE 'IRRESHOLDS  USED I N  THE COhPUTER PROGRAM 

TO DISCRIMINATS BETWEEN SLEEP  STAGE8 

4-74 

1.367 

2.500 

4.375 

2.188 

1.094 

1.250 

0.625 

0.313 

2.961 

3.828 

2.813 

2.813 

2.500 

0.938 

0.313 

1.904 

1.904 

1.328 

1.408 

50.00 

20.00 

24.00 

3.20 

. 3  

u b j e c t  Number an 

- 
1-45 

1.367 

2.656 

4.375 

2.109 

1.094 

1.250 

0.625 

0.313 

2.681 

3.984 

2.969 

2.969 

2.422 

0.469 

0.273 

1.600 

1.600 

1.536 

.960 

- 

- 

- 
50.00 

20.00 

24.00 

3.20 

. 3  
- 

M i  dc - 
2-53 

1.367 

2.500 

4.375 

2.188 

1.016 

1.328 

0.781 

0.293 

2.891 

3.047 

2.656 

2.656 

R.627 

0.625 

0.181 

1.472 

1 ,472 

1.456 

.944 

- 

- 

- 
50.00 

20.00 

20.80 

3.40 

. 3  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

d Age ( i n  Year 

-Aged 

3-45 

1.367 

2.500 

4.375 

2.188 

1.172 

1.250 

0.781 

0.313 

2.969 

3.984 

1.875 

1.875 

2.031 

1.094 

0.181 

1.440 

1.440 

1.312 

1.795 

- 
- 

- 

- 
io. 00 

20.00 

25.60 

3.00 

. 3  - 

4-57 

1 ,367 

2.500 

4.375 

2.188 

1.094 

1.250 

0.625 

0.313 

2.813 

4.180 

3.984 

3.984 

3.594 

1.094 

0.273 

1.120 

1.120 

1.024 

1.024 

50.00 

20.00 

25.60 

3.00 

.3  

- 
1-8 

1.094 

2.500 

4.375 

2.188 

0.625 

1.250 

0.625 

0.313 

2.813 

3.906 

1.563 

1.563 

1 .099 

0.908 

0.234 

2.56 

2.56 

1.664 

2.56 

50.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20.00 

12.80 

3.20 

. 3  

- 

- 

- 

- 

Young 

2-5 3-5 

1.172 1.172 

2.500 2.500 

4.375 4.375 

2.188 2.188 

1.250 0.625 

1 .250 1.250 

0.625 0.625 

0.313 0.313 

2.813 2.813 

3.906 3.906 

2.266 1.563 

2.266 1.563 

2.266 1 .099 

0.693 0.776 

4-6 

1 .172 

2.500 

4.375 

2.188 

0.625 

1.250 

0.625 

0.313 

2.813 

3.906 

2.373 

2.373 

1.099 

1.245 

0.234 

2.56 

2.56 

1.664 

1.616 

50.00 

20.00 

12.80 

3.20 

. 3  

'hreshold 

les ignator  

HO 1 

H8 

183 

1813 

H13 

1138 

HEY 

LYE 

EM 

BM 

84 

B3 

82  

E2 

E5 

R4 

R3 

R2 

RO 

D4 

D3 

52 

15 

A 0  

Voltage  Thresholds 

Rat io   Thresholds 

Percentage  Thresholds 


