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In the past twenty years, a vast number of studies have been devoted to 
sleep. The large majority of these studies have been carried out in unnatural 
environments such as the laboratory or in the hospital. Beyond the inconven­
ience to certain groups of people, the actual laboratory situation itself may 
contribute to what has come to be known as the "first-night" effect (Agnew, 
Webb, & Williams, 1966) in which the first night or two of sleep have been 
found to be quite different from others monitored. later in the week. Over the 
past two years, we have been engaged. in a programme of adapting modern bio­
medical technology to the requirements of recording sleep in the natural envi­
ronment of the subject or patient, as for example, in the home. 

The objectives of the endeavour were established to be (1) the faithful 
recording of at least 4 physiological channels over an 8 hour period, (2) a 
considerable reduction in the size and weight of existing apparatus, (3) a 
complete isolation of the subject from the main power supply since he/she 
would not be monitored during the sleeping period, (4) for the sake of ecomomy, 
the recording of at least two subjects simultaneously, and (5) the physiologi­
cal data to be in a form that would allow off-line automatic computer analysis 
at a fast playback speed. 

In the laboratory, it had been our custom to investigate the effects of 
the quality of the night's sleep on a number of performance indices the fol­
lowing day. While some of these tests could be adapted for the field with 
only minor modifications, others required. extensive revision, yet still had to 
monitor essentially the identical behavioural constructs. Finally, question­
naires that asked the subjects to rate various dimensions of their sleep were, 
of course, readily available for field use. 

111e analysis of the data collected in the homes of subjects called for 
high-speed, off-line automatic scoring procedures. D.Je to the restrictions 
inherent in the recording system, innovative programming techniques had to be 
introduced. 

'Ihis article summarizes each of these developments and provides examples 
derived from recent data. 

Physiological Recording 

In the mid-1970's, a small lightweight 4-channel cassette unit become 
available for the 24 hr monitoring of EKG activity (Cashman & Stott, 1974). 
The unit was modified. to enable the recording of the EEG and EOG for the study 
of sleep (Wilkinson & Mullaney, 1976), a task simultaneously and independently 
undertaken as well by Ives and Woods (1975). Although the dynamic range of 
the instrument was limited to just over 30 dB, initial tests of sleep in the 
home and in such inconvenient locations as an overnight train (Wilkinson, 
Herbert, & Branton, 1973) sug~ested that the unit was capable of recording 

721 



sleep activity. 'lnere was, however, one major drawback. A sharp amplitude 
drop was apparent at low frequencies -- precisely whe~e one would expect to 
find the presence of slow wave sleep. 1he problem has apparently been recent­
ly overcome. nie 4-channel limit, nevertheless, was barely adequate for sleep 
physiology. 

A.3 a result, an entirely new system was developed (Campbell, Weller, & 
Wilkinson, in press). A small portable lightwetght unit containing 2 EEG ; 
1 EOG, and 1 EKG preamplifiers as well as a fifth channel serving as an indi­
cation of signalled awakenings requiring only a switch closure was constructed. 
A sixth channel was linked to a sound level meter to encode the level of envi­
ronmental noise in the subject's room, o~en a source of disturbance. 1he 
problem of storing such a large number of channels (12 channels with two sub­
jects) was overccme by the use of pulse interval modulation (PIM) multiplexing, 
which is considerably less expensive than the more widely known time division 
multiplexing (TOM) in conjunction with pulse code modulation (PCM). In PIM, a 
train of fixed duration pulses is generated, one pulse for each channel, and 
the time interval between consecutive pulses is made to vary with signal anp­
litude. Each channel is allocated to a particular time slot, one of the time 
slots being made unique for synchronization purposes. 1he sampling rate is 
therefore proportional to signal level. Thus, with excessively large crnplitude 
signals, the sampling rate could become very low. To prevent this, a limit has 
been placed on the excursions of each time slot-. If a signal causes the inter­
val to exceed upper or lower preset levels, the next channel is immediately 
selected and the amplitude of the previous signal is clipped. nie sampling 
rate cannot then fall below a predetermined rate and the synchronization time 
slot is never confused with signal time slots. Tne 6 channel system uses 
pulse intervals of 360 usec (180-540 µsec) compensation channel. 1he minuml..lTl 
sampling rate is therefore: 

__ _ _1.06 --­
(6 X 540) + 6~8 

If only one subject is being recorded, the multiplexed signal is transmitted 
over the British medical band (104.6-105.0 MHz) via a single stage frequency 
modulated transmitter. Telemetry of course allows the subject considerable 
freedom of movement as well as overccming potential fear of electrical shock. 
When two or more subjects have been recorded simultaneously, reception at 
times has been incanplete, thus, the adoption of the alternative, cable­
telemetry. Even though the signal is sent via a pulse transformer along a 
hand-wire, the lead has not proven to be an encumbrance to the subjects. 
Also, as Weller (1974) has pointed out, the method is as safe and reliable as 
radio-telemetry. 1he entire system is housed in a shielded plastic case (Fig­
ure 1). nie general properties of the multiplexing/telemetry package are as 
follows: 

Channels: 6 

Weight: 125 g including the power source 

Full-scale deflection: 300 µV (EEG), 500 µV (EOG), 4 mV (EKG) 

Bandwidth : down 3 dB at 0.2 and 43 Hz (minimllll) 
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Figure 1. Portable sleep recording unit. In the plastic case are found 
4 preamplifiers, a multiplexer and a radio-transmitter. 
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Signal-to-noise and crosstalk: 40 dB 

Power: 6.75 V mercury battery 

Current consumption: 3 mA 

Battery life: 70 hrs from mercury cells of 210 mAh capacity. 

As can be observed in Figure 2 the bandpass characteristic of the EEG preamp­
lifiers are such as to enable the recording of low frequency, delta acti­
vity and high frequency spindle transients. 

Unfortunately, the upper limit does not permit the recording of EMG. 
Whether EMG provides additional relevant information for the interpretation of 
the sleep profile has been a subject of debate. Some laboratories (see, for 
example, ~ith, 1978), including the present one, believe its activity is too 
inconsistent to prove useful. On the other hand others (see, for example, 
Gaillard & Tissot, 1973) employ it for the definition of a particular period 
of sleep, Stage REM. 

'!he modulated carrier signal is recorded in the direct mode on a single 
track Racal 4D reel-to-reel tape recorder, the triple play tape lasting 8 1/4 
hours. Typically, one of the other tracks is used for recording the analogue 
noise 
sl~ep 
mental 

(frequency range, 100-8,000 Hz) occurring during the night. 'lhus, if 
is disturbed, it is relatively easy to locate and identify the environ­
influence irrnnediately prior to the disturbance. 

Early in the evening, a technician arrives at the subject's home to place 
the silver-silver cholride electrodes (to overcome polarization during the 8 
hour monitoring). EEG recording is between C3 and M2 with a secondary backup 
of C4 - M1 in case of failure of the primary location. EOG electrodes are 
placed on the outer canthi of each eye, one electrode being slightly inferior 
to the socket, the other slightly superior, enabling the complete monitoring 
of horizontal and partial vertical eye movement. Because of the compactness 
and lightness of the unit it can be placed directly on the subject's head 
being attached to a specially designed cap. The EEG leads can thus be of min­
imal length, meas~ring not more than 30 cm. A demultiplexer permits the 
reconstruction of the six original signals which may be examined. on a portable 
oscilloscope. Once the integrity of the system is verified, the technician 
leaves for the night, returning in the morning to remove the electrodes and 
administer questionnaires and the performance battery. Schematics for the 
sleep environment are depicted in Figure 3a, while the details of the head­
mounted unit are illustrated in Figure 3h. 

Over 300 nights of sleep have now been recorded in natural environments 
for a variety of studies--the eftects of traffic noise on sleep, variation in 
sleep patterns with age, the effects of shift work on sleep. 1he amount of 
data collected during an 8 hour session is indeed considerable. The task of 
visually analyzing them is certainly laborious and not entirely reliable. At 
an early stage it was, thus, decided that automatic analysis was required not 
only to provide an efficient means of handling the data but also as an objec­
tive method of interpreting them. 
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Figure 2. Frequency response curve of the sleep recording unit. Known, 

constant voltage s i ne waves of varying frequency were fed into one of the EEG 
inputs, amplified, multiplexed, tape recorded, played back, and demultiplexed. 
The output signal voltage is illustrated on the Y-axis, the i nput signal, the 
X-axis. 
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Figure 3A. Physiological activity is picked up by the electrodes (1) and 
amplified in the head-mounted unit (3), which is attached to a lightweight cap 
(2) on the subject's head. The signals are multiplexed and sent either via 
radio-telemetry to a receiver (~a) or via cable-telemetry to a junction box 
(4b). The signal from the receiver or junction box is recorded on a reel-to­
reel tape recorder (5) in the direct mode. For purposes of verification of 
functioning of the system, the output from the tape recorder is demultiplexed 
(6) to reconstruct the original signals which are monitored on an oscillo­
scope (7). 
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Figure 3B. Details of head-mounted unit. Two EEG, 1 EOG, 1 EKG, and 1 
behavioural awakening signals (3a) are amplified and multiplexed to fonn a 
unique signal (3c) which is transmitted via radio or cable-telemetry (3d). 
Ille power source for the unit is a 6.75 V mercury battery. 



Computer Analyses of Sleep 

Staging 

Figure 4 illustrates the types (or "stageslf) of activity that may be pre­
sent in a recording session. Ille waking stage, Stage W, is distinguished by 
the dominance of rhythmic alpha waves. There may also be muscle artifact and 
large 8mplitude eye movements. The subject first enters Stage 1 from the awake 
state. for purposes of classification, Stage l is unusual in that the EEG has 
no real distinguishing features. Although alpha may have largely disappeared, 
none of the features of other stages are present. The EOG o~en takes on a 
slow, rolling appearance which is unique to this stage. After a short dur­
ation, rhythmic 12-14 Hz transients called spindles mark the commencement of 
Stage 2. The first episode of Stage 2 sleep is variable, from a few minutes 
to almost an hour in length. Towards the end of Stage 2, the EEG comes to be 
characterized by the appearance of large amplitude 0.5-2.0 Hz delta waves. 
When this slow wave activity comes to occupy 20% of the record, it is arbi­
trarily classified as Stage 3. When the figure reaches 50% delta, the subject 
is said to be in Stage 4. After approximately 1 1/2 hours of sleep, the EEG 
changes to an awake or Stage 1-like pattern. What makes this activity unusual 
is that the EOG exhibits rapid eye movement (REM). Although the EEG is sug­
gestive that the person is in a light stage of sleep, in reality, it is ex­
tremely difficult to awaken them, hence, the alternative name, paradoxical 
sleep. If awoken, the subject often reports episodes of dreaming. 

TI1e classification of more than a kilometre of paper recording into the 
various stages of sleep usually takes 2-3 hours to complete, often longer if 
there is are unusual features to interpret. While staging now appears to have 
become part of the standard repetoire of the sleep researcher, it is, nonethe­
less, accomplished at a cost of a tremendous loss of other pctential data. 
Many other types of analyses that theoretically could be carried out, are ig­
nored in practice due to the volume of data that can overwhem the keenest 
investigator. And even the objectivity of what the human can analyze has been 
questioned. Monroe ( 1969) has demonstrated that there {s only approximately 
75% agreement on human sleep stage classification between scorers when the 
same record is sent to different laboratories. 

Computer analysis of sleep opened not only the feasibility of examining 
the minute details hidden in the data but also because of its objectivity, 
offered considerable scope for the sharing of these data between laboratories. 
Some attempt had previously been made at automation. Itil, Shapiro, Fink, and 
Kassebaum (1969) have used digital period analysis methods while Larsen and 
Walter (1970), Lubin, Johnson, and Austin (1969) and Martin, Johnson, 
Vigiolone, Naitoh, Joseph, and Moses (1972) have attempted so~ware spectral 
analysis in conjunction with linear and nonlinear discriminant analysis. 
Their applicabion was limited by the relatively slow running time (up to 
3 hours) and consequent high cost. lhe time and cost factors also clearly 
limit the extent of on-line usage. Moreover, agreement between human and 
software scoring was unfortunately barely acceptable. 

A second approach relies on both hard and software methods (Smith· 
Karacan, 1971; Gaillard & Tissot, 1973; Kumar, 1977). Tnese hybrid systems 
rely on hardware preprocessing of the physiological data, the output of the 
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Figure 4. The stages or sleep. The awake (Stage W) EEG 1s typified by 
the presence or alpha waves. As the subject becCJ!!es drolo/Sy and enters Stage 
1, slow rolling eye 1110Yements oft.en appear, The entrance of' s.taga 2 is an­
nounced by splnd le transients. stages 3 and 14 see the !!lore and more increa­
sing presenc.e of slow-frequency, high ,aiplltude delta waves. The ITC of 
Stage RD4 is sllllilar to that of Stage i, but is distinguished fraa it by t~ 
pre,ience or rapid eye movements. '!he illustrations were tal<en 0-an a llcme re­
e:ording using the portable apparatus previously described . 'Iha writeout was 
obtained by passing the st.gnals, unilTiplitied and IJTlfUtered to a GI-ass poly­
graph's paper recorder. 
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preprocessors being fed into a digital computer which makes the actual deci­
sions. The hardware in the form of a bank of filters (Gaillard & Tissot,1973) 
or specially designed detectors (Smith & Karacan, 1971) remove a considerable 
burden of data processing from the digital computer, freeing it for relatively 
simple calculations and storage matters. The advantage of such a scheme is 
that data can be played back at very high speeds without loss of infonnation. 
The performance of the hybrid system is impressive--approximately 85% overall 
agreement with ht.nnan scorers. 

In Canada, an analogue preprocessor has been developed (Green, 1975; 
Broughton, Healey, Maru, Green, & Pagurek, 1978) that closely imitates the 
universally employed Rechtschaffen and Kales (1968) standard scoring system. 
This system was modified for the purposes of our multiplexing system and link­
ed to a minicomputer, a task that had previously not been attempted. 

At present, four hardware circuits have been constructed: alpha, spindle 
and delta detectors for the EEG lead and a rapid eye movement detector in the 
EOG. The reader is referred to Broughton et al. (1968) for a description of 
the spindle detector and Green (1975) for the description of the alpha and 
delta detectors. Briefly, the spindle and alpha detectors are based on phase 
locked loop (PLL) circuitry, (Johns, Stear, & Hanley, 1974) except that in­
stead of using the phase error signal of the PLL to detennine the presence of 
spindle or alpha activity, the more reliable approach of a quadrature phase 
detector was substituted. Delta detection is based on zero-crossing and mini­
mum amplitude measuring techniques similar to &nith, Funke, Yeo, and Ambuehl 
(1975). The REM circuit consisted of a simple filter and minimum amplitude 
detector. A fifth device detected abnormally high positive or negative vol­
tage in the EEG. 

1he frequency ranges (at real-time) and minimum amplitudes required for 
binary output from each of the detectors were: for alpha, 8 to 12 Hz at 25 
µV; for spindles, 11.5 to 15 Hz at 25 µV; and for delta, 0.5 to 2.5 Hz at 75 
µV. Tne tapes recorded in the homes of the subjects were played back at 8x 
through a second demultiplexer. Examples of the analogue processing of vari­
ous segments of one subject's sleep are illustrated in Figure 5. 

Computation on and storage of the binary output of the preprocessor is 
carried out by a Data General Eclipse S200 minicomputer equipped with a 16 
bit, 32K core memory. Tiie data are processed in 30 second real-time epochs, a 
period more or less standard for most laboratories. D.lring these 30/8 seconds 
(the tapes are played back at 8x), the gate of the digital interface is opened 
128 times, i.e., once every 29.29 msec or at a sampling rate of 34.1 Hz. 1he 
output of each detector is digitized by one bit ( 110 11 or 11111 ). For purposes 
other tha~ staging, some form of storage is necessary. Once the 32K core is 
full, the contents are transferred to the system's 2.5 megabyte removable disc 
unit. To achieve a continuous stream of data through the processor, a double 
buffering scheme is employed (Figure 6). While one of the memory buffers is 
being filled from the digital input channel, the other is emptied onto the 
disc. Tne processes are switched back and forth as the operation proceeds. 
Once the entire disc is full (8 sleep records), it is put into permanent stor­
age on magnetic tape, the disc then being cleared. Even with the substantial 
memory capacities of modern computers, it can readily be noted that a single 
sleep experiment can tax it to the limits. The complete data handling and 
storage procedures are shown in Figure 7. 
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Figure 5. Analogue preprocessing of EEG and EOG activity. In (A), the 
dominance of alpha triggers the appropriate detector. In this and all other 
portions of the figure, a positive detection is noted by a downward deflec­
tion. In B, detection of poorly defined and a "classic" spindle. In C, a 
spindle transient followed immediately by a slow wave. In D, obvious Stage 
4 activity as indicated by the delta detector. In E and F, the EEG detectors 
are silent. In F, EOG activity is also illustrated which quite apparently in 
conjunction with the 11 silent" EEG would be classified as Stage REM. The 
binary output of the preprocessor is strobed at a rate of 4.25 Hz (real time). 
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Figure 6. Ix>uble buffering technique for data streaming in the context 
of Figure 7. 
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The logic of the software was designed to imitate human scoring proce­
dures. Some changes from standard human scoring procedures were nevertheless 
made as these were found to provide better man/machine agreement than the di­
rect implementation of the visual scoring criteria. A count is made of alpha, 
spindle, delta and REM events, a atage diagnosis being made following each 30 
second real-time epoch. 

Computation of the stages commences according to the following logic: if 
delta occupied 50% of the epoch, it was classified as Stage 4. If it occupied 
less than 50% but more than 25% (instead of the human criterion of 20%) it was 
designated to be Stage 3 sleep. If the delta count was less than 25% of the 
epoch but greater than 10% it was classified as Stage 2 (again, a departure 
from human scoring). If delta was less than 10%, then the computer had to 
decide between Stages W, 1 and 2, and REM. If a spindle was detected, it was 
considered to be Stage 2. If alpha occupied 40% of the epoch (usually 50% in 
the human scoring),then it was Stage W. By process of elimination, if none of 
the above were apparent in the EEG, then it was classi~ied as Stage 1. Stage 
Rem is determined by both EEG and EOG criteria. If sufficient eye movements 
occur (arbitrarily set at 3) in what would be classified as Stage 1 on the 
basis of EEG alone, it is reclassified as stage REM. Often, human scorers 
label a Stage 1 epoch as stage REM even when eye movements are not apparent 
providing immediately prior and following epochs contain them. It was thus 
decided to reclassify all Stage 1 epochs following two consecutive Stage REMs 
as being REM provided no other change of stage was encountered. Similarly for 
Stage 2 scoring "if less than 3 minutes of a record which ~uld ordinarily 
meet the requirements for Stage 1 intervenes between sleep spindles and/or K 
complexes these intervening epochs are scored as Stage 2" (Rechschaffen & 
Kales, 1969, p. 6). 

On the basis of 8 records, the overall agreement between the automatic 
system and human scoring was 84% with a low of 59% agreement for Stage 1 and 
a high of 92% for Stage 4. 1he discrimination between Stages 1 and Wand land 
REM remains an area in need of further development. In defense of the present 
hybrid system, Stage 1 classification provides considerable difficulty for 
other existing automatic systems and human scorers. 

Because there was a possibility of a bias in the human scoring procedure 
towards the classification logic of the computer, further evaluation was made 
with other scorers at CERN in Lyon, France employing data recorded in their 
laboratory. Again the comparison proved to be quite satisfactory. A further 
comparison of the hybrid computer's performance was made with a second, auto­
matic system (Kumar, 1977). Although the basis of this system was entirely 
different from the Cambridge one, inter-system agreement ranged from 80 to 90% 
on 40 nights of recordings made at the TNO laboratory in 'Celft,the Netherlands. 

Finally, because Stage 2 classification in the present format is criti­
cally dependent on precise detection of spindle activity, further verification 
of the functioning of the spindle circuit was deemed necessary. A second 
hardware detector relying on complex demodulation methods for spindle detec­
tion (Kumar, 1975) was utilized for the comparison. 1he two automatic devices 
functioned virtually identically being triggered by more than 80% of all EEG 
activity labelled as spindles by human judges (Campbell, Kumar, & Hof'man, 
manuscript in preparation). 
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An example of the classification of an 8-hour sleep record is shown in 
the top part of Figure 12. Table 1 presents a breakdown of the values of 
classical sleep parameters for over 60 nights of sleep of young subjects. 
These data were recorded in the home of the subjects and analysed with the hy­
brid system. A comparison is made with the norms of males and females (col­
lapsed) aged 20-29 as established by Williams, Karacan, and Hursch (1974). 
The values of the two laboratories are remarkably similar. Stages 3 and 4 are 
slightly overestimated, Stage 1 underestimated. Tne former may be due to 
individual differences between samples or to the fact that our subjects were 
sleeping in their natural environment. 1he latter discrepancy is probably a 
function of the logic of the automatic analysis. 1he larger number of stages 
detected by the computer as compared to the ht.m1an scorers in Williams et al.'s 
(1974) study is almost certainly due to the fact that the latter's human scor­
ing procedures neglect some stage transitions in favour of a more general 
smoothing procedure. 

Temporal Organization of Sleep 

Sleep scoring as typified in Table 1 furnishes only a gross overview of 
the total accumulation of a particular stage at the end of a night. No indi­
cation of the manner in which the respective stages have developed is pro­
vided. Recently, Gaillard (1977a, b) has developed a method for investiga­
ting the temporal organization of human sleep. Only a summary of the calcula­
tions will be made here, the reader being referred to the original sources for 
more complete details. Tne general trends in the development of the various 
stages of sleep can be evaluated and used to generate a theoretical model of 
sleep. The model has been particularly useful in the study of the effect of 
noise on the develoµnent of Stages 3 and 4 during the night as well as a com­
parison of the sleep of younger and older subjects. The same analysis techni­
que is currently being employed to investigate the effects of shift work on 
sleep trends. 

In making the canputations 1 all awakenings during the night are removed 
from the calculations, the time base thus referring only to sleep time. All 
recordings are synchronized at sleep onset with each night being divided into 
15 minute intervals. The nt..nnber of minutes of each stage is counted in each 
15 minute interval and these counts accumulated over the night (Table 2). The 
corresponding series of numbers over several nights for the same subject are 
averaged and the individual subjects' totals also averaged. 1he rationale 
behind the computation of a grand mean is that the cumulated occurrences of 
individual stages on a single night fonn an irregular "noisy" curve. 1he 
random variability disappears through the averaging process. 

Figures 8, 9, and 10 present the cumulated occurrences of Stages 2, 3-4 
and REM averaged across 10 nights of sleep of 5 younger (less than 32 years 
of age) and 5 older (+40 years) subjects. 1he lower portion of these figures 
represents the cumulation of the occurrence of a stage in minutes, while the 
top portion is the cumulation of a stage in tenns of the proportion of the 
total amount of its occurrence over the night, thus providing an equal base 
for comparison of the different groups. It may be observed that no stage de­
velops in a linear manner. Stage 2 (Figure 8) develops slowly early in the 
night but then increases in a linear fashion. Older subjects tend to have 
more Stage 2 sleep than younger ones. In relative terms, however, the devel-
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Table 1 

Comparison of Sleep Parameter Norms as Established by Williams 
et al . Cl 97 4) for the 20-29 Age Group with Those Determined by 

the Cambridge Hybrid Computer 

Sleep parameter 

Total sleep time 

Stage 1 (mins) 

Stage 2 

Stage 3 

Stage 4 

Stage REM 

Stage 1 (% of total sleep time) 

Stage 2 

Stage 3 

Stage 4 

Stage REM 

Sleep latency (mins) 

Latency to Stage 3 (mins) 

Latency to Stage 4 (mins) 

Latency to Stage REM (mins) 

Number of cycles 

Mean duration ~f cycles (mins) 

Number of stages 

Cambridge data 

431,4 

12.8 

202.4 

36.4 

61.9 

110.8 

3.0 

47.3 

8.5 

14.4 

25. 9 

12.8 

20.1 

25.3 

71.2 

4.6 

105.9 

49.8 

736 

Data of Williams et al. 

424.3 

18.2 

206.9 

24.5 

57,5 

112. 7 

4.3 

48.8 

5.8 

13.6 

26.6 

13.8 

22.2 

28.6 

94.0 

4.5 

110.8 

37.4 



Table 2 

Procedure for the Calculation of Cumulated ~curences of Sleep Time 

Sleep stage 
diagnosis 

w 
w 
w 

1st 15 min 1 
interval 1 

1 
2 
2 
2 
2 
3 
2 
2 
3 
3 
3 
3 
3 

2nd 15 min 3 
interval 3 

2 
1 
w 
w 
w 
1 
1 
2 
3 
4 
4 
4 
4 
3 
4 
4 

Summation of stages 
per 15 min 
Stages 

l 2 3 4 

3 6 6 0 

3 2 6 

Summation of successive 
15 min 
Stages 

l 2 3 4 

0 0 0 0 

6 13 10 6 

Note that all wak1ng · (W) episodes are discarded. Thus, the second interval 
contains 18 min of recording time but only 15 min of sleep. Although epochs are 
are indicated as being one minute in duration,in actuality they are 30 secs in 
length (after Gaillard, 1977b). 
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opment is essentially similar. Thus, after 60 minutes, 25% of the total 
amount of Stage 2 has been accumulated; after approximately 4 hours (228 min­
utes) 50%, and just after the 6 hour mark (330 minutes), 75% has been accumu­
lated. Tnere are some differences between these figures and those of Gaillard 
(1977a) which may be due to his subjects' longer nights of sleep. 1he non­
linear trend for Stage 2 is also a departure from Gaillard's findings although 
more rece~tly (1979), he has described a very similar trend of evolution. 
There was an acceleration late in the night in his data, which of course could 
not be observed in our data due to the shorter sleep times. 

The most interesting findings for the study of aging are those with re­
spect to Stages 3 and 4. The well replicated finding of a decrease in slow 
wave sleep (Feinberg, 1974) can be observed in the bottom part of Figure 9. 
When the data are placed on a relative base, however, (upper portion), the 
development of Stages 3 and 4 manifests no age effect. For both groups, 25, 
50, and 75% of the total amount of SWS occurs after 50, 120, and 240 minutes. 
Thus, Stages 3 and 4 develop rapidly early in the night and then decelerates 
so that only a further 25% of this type of sleep is gained in the last half of 
the evening. 1he very rapid emergence of SWS as opposed to Stages 2 or REM 
suggests an immediate and intense "need" (Tissot, 1966) for the former. Our 
data furthermore indicate that while the quantity of SWS is not as great in 
older subjects, for whatever reason, qualitatively, the general pattern of its 
emergence is constant throughout life. 

Stage REM (Figure 10) takes on an antagonistic appearance to Stages 3 and 
4. Whereas the latter emerges rapidly, REM emerges much more slowly but ac­
celerates towards the end of the evening. Components of higher order related 
to ultradian variation located in the background circadian trend are only 
slightly visible. This probably is a function of the large sample size: cyc­
lic variations tend to disappear due to inter- and intra-subject phase and 
periodicity differences. 

Experimental manipulation of noise has typically pointed to a decrease in 
SWS as noise level increases. In the natural environment a most common source 
of noise is heavy traffic. Traffic levels are not constant throughout the 
night; early in the evening they are of moderate to heavy intensity, dropping 
off significantly in the early hours of the morning and reaching peak level s 
at around 0600 hr. From a preliminary analysis of subjects in very noisy areas 
of London (Figure 11), a hint of an actual shift in the develo~ent of SWS has 
been manifested. On noisy nights as compared to quiet ones (noise level 10 dB 
lower due to the installation of sound insulating windows), after about 2 hrs 
of sleep and continuing for another 2 1/2-3 hrs, an acceleration in the evolu­
tion of SWS can be noted. 1he period of acceleration corresponds to the times 
when traffic volume is at a miniml.XTl. Hence, if noise does indeed disturb the 
development of SWS, in spite of the apparent need to attain this type of sleep 
early in the evening, its "fulfillment11 may be moved to periods when environ­
mental conditions are more favourable. The major problem associated with such 
forms of trend analysis is detennining when differences actually become sig­
nificant. Hence while there may be an apparent di:similarity in the develop­
ment of Stages 3 and 4 over noisy and quiet nights, it is quite difficult to 
determine if this effect is statistically significant. 
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Beyond Staging 

It has long been recognized that the level or stage of sleep attributed 
to an EEG record at a given time is a classification schema based on a set of 
arbitrary human rules, established to put some order in what seemed to be a 
chaotic mass of data. With the advent of modern computers, in some sense it 
might have been expected that the arbitrary procedure of staging would have 
been abandoned. In fact, as with other fields in the neurosciences, once a 
standard procedure becomes rooted, it very rarely is dislodged. for purposes 
of inter-laboratory comparison, we continue with the traditional scoring pro­
cedures. Beyond these, however, further in-depth investigations have com­
menced. 

Figure 12 depicts what now has become a routine analyzing fonnat . The 
upper portion of the figure represents the stage profile of one night's sleep 
of a subject recorded in her natural environment. Because the preprocessor 
was strobed 128 times per 30 sec epoch (real-time), the classification summary 
in the form of a single stage amounts to a considerable loss of data, conven­
ient for the human scorer who is unable to cope with more, but quite a limited 
usage of a computer's capabilities. It was thus decided to investigate the 
level of activity of each EEG event in each of these 128 samples across the 
entire recording session. 1he night was broken down into 1 5 minute intervals 
and the number of seconds of alpha, spindle, delta, and REM activity accumu­
lated. Note that there is no concern whatsoever about arbitrary stages in 
this analysis. 1he 3 lower illustrations of Figure 12 point out intriguing 
trends that are entirely overlooked by simpler forms of analysis. 1he units 
(secs of activity) of course are quite variant. Illus, in this subject's rec­
ord, up to 750 seconds of a 15 min interval could be occupied with delta acti­
vity, while the maximum figures for REM and spindles were 40 and 25 secs, 
respectively. The latter, properly speaking, are transients. Illus, only one 
spindle of 0.5 sec duration is enough for an EEG 30 sec epoch to be classified 
as Stage 2 sleep, while the same epoch wo~ld require 15 sec of delta to be 
classified as Stage 4. 1he first feature of interest is that the peaks of the 
respective waveforms are very predictive of particular stages of sleep. Ther e 
are other features that make this form of analysis much more exciting. All 
three waveforms display distinctive ultradian oscillations. It is well known 
that Stage REM is on an approximately 90 minute cycle. Both REM and spindle 
activity increase in number as the night progresses, but are, however, almost 
exactly out of phase. When one is at a maximum the other is at a minimtnn and 
vice versa. If REM and spindle activity increase as the night progresses, some 
other waveform might be expected to do the opposite. This is, as suggested by 
Figure 9, delta. Not only does it take on a characteristic decaying oscilla­
tory behaviour, it is, like spindles, out of phase with REM. In fact, it is 
the mirror image of spindle activity or from another point of view, the mirror 
image of the inverted REM picture. 

1he rhythmic nature of all three wavefonns is not obvious from plots of 
the various stages. Gaillard (1979) thus, concludes that Stage 2 has greater 
rhymicity than Stages 3 or 4. The data employed in the tracings of Figure 12 
are quite consistent within and between subjects and suggest that Gaillard's 
conclusion may not be true. 
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Delta activity does exhibit well-defined cyclic rhymicity, even if its 
quantity is limited late in the sleep period, to the extent that the thres­
hold for Stage 3 or 4 definition is not reached. By restricting himself to 
stage classifications, Gaillard has overlooked slow wave activity whose total 
accumulation fails to reach an arbitrarily established level. 

Performance Tests 

Over the past two decades, it has been found that certain performance 
tests are sensitive indices of the effects of the quality of sleep and manipu­
lation of the sleep-wake cycle as seen, for example, in shift work. Wilkinson 
(1970) in a review of such measures, has indicated that their sensitivity is 
dependent on a number of properties inherent in the nature of the task. Such 
features include: the duration of the test, level of complexity, interest 
value and the degree to which knowledge of results is available. 

As was the case with the physiological instruments, it was quite imprac­
tical to transport the bulky, main voltage supplied psychological battery into 
the field setting. Two frequently used tests (Four Choice Serial Reaction 
Time) and the (Unprepared Simple Reaction Time) were completely redesigned 
while two others (Short Term Memory and the Wilkinson Vigilance Test) were 
modified for field situations. 

Both the Four Choice Reaction Time (4CH) and the Unprepared Simple Reac­
tion Time (USRT) tests were housed in portable battery-operated cassette re­
corders, enabling a significant reduction in size, weight and cost of the lab­
oratory-based equipnent. The recorders are designed to perform the triple 
f\Jnction of housing the display and response apparatus, generating a random 
program of stimuli and recording the response data on the magnetic tape 
cassette. Back in the laboratory, the tapes are replayed, decoded and anal­
yzed by digital ccxnputer. 

Four Choice Reaction Time 

The 4CH, illustrated in Figure 13 consists of a four light (light emit­
ting diodes or LEDs) display in the form of a square. Close to these are 
mounted four push buttons corresponding to each of the LEDs. At the start of 
the test one of the LEDs is illuminated, the subject pressing the button cor­
responding to its position. 'Ihe light is then extinguished and, after 120 
msec, either the same LED or one of the other three comes on, according to a 
random program. The subject again makes the appropriate response and, thus, 
brings on the next light in the sequence and so forth. He or she continues to 
respond in this way as quickly and as accurately as possible for the duration 
of the test. Usually this is 10 minutes, although this may be optionally 
altered to the user's needs. 

1he 4CH, unlike other performance tests in our battery is self-paced--the 
LEDs come on at a rate corresponding to the subject's reaction time. '!here is 
of course, the possibility of error. A correct response is recorded onto the 
cassette as a 2 kHz tone, an error by a 4 kHz tone, each of 120 msec duration. 
In the laboratory, a frequency decoder is employed to reconstruct the original 
events and to send an appropriate iI'I compatible signal to the digital inter­
face of the ccmputer. Because the onset of the stimulus occurs at a fixed 120 
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Figure 13. 1he portable Four Choice Reaction Time test for use in the 
field. One of four LEDs is illuminated, the subjects task being to respond as 
quickly as possible by pushing the appropriate button. Correct and error 
responses are coded on the cassette by 2 and 4 kHz tones. 
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msec after the response (corresponding to the duration of the coded tone), 
there is no necessity to encode it on the cassette. Thus, the reaction time 
for a particular correct or error response corresponds to the time between the 
previous response and the response in question minus 120 msec. Specific de­
tails of the circuitry and function of the test can be found in Wilkinson and 
Houghton (1975). 

lhe test, because of its relative complexity, has been found to be affect­
ed by practice. The subject's performance typically improves over the first 2 
or 3 sessions before leveling off. 1ne stimulus must first be encoded, the 
appropriate response retrieved from memory and then the actual motor response 
made as quickly as possible. 

Glenville and Wilkinson (1979) have described the utility of this as a 
measure of the effects of shift work on performance. Eleven computer opera­
tors working day, evening, and night shifts were tested over a nine week per­
iod encompassing three replications of each of the shifts. Testing took 
place on the first night and day shift. 1he subjects were examined between 
0400 and 0500 hours for the night shift and 0800 and 0900 hours for the day 
shift. It should be noted that subjects starting the night shift had al­
ready been awake for the entire day and evening period. Tiius by the end of 
the shift, they had been awake for approximately 24 hours. Overall, the re­
sults indicated that reaction times were significantly longer on the night 
than on the day shift, the effect being particularly dramatic on the second 
and third occurrences of each shift. While an improvement in performance was 
noted over the replications during the day shift, none occurred during the 
night shift. Moreover, performance deteriorated in the second half of the 10 
minute session during the night shift as might be expected when the level of 
arousal declines. 

With respect to specific studies on the manipulation of sleep parameters, 
the 4CH has been shown to be sensitive to the specific effects of 24 hour 
sleep deprivation (Glenville, Broughton, Wing, & Wilkinson, 1978) but less so 
to the minor effects of noise at night (Wilkinson et al., in press). 

Unprepared Serial Reaction Time 

The USRT is illustrated in Figure 14. 1he subject watches the window for 
the onset of a 000 LED display which immediately begins to count up in msec. 
A button is pressed as quickly as possible and the arrested display shows the 
reaction time. The display is then extinguished and after an interval which 
may randomly vary from 1 to 10 seconds, the cycle is repeated. 

1he reaction time is coded as a train of 1 msec pulses onto the cassette 
tape, the total number of which is equivalent to the reaction time (Wilkison 
& Houghton, in preparation). The USRT is, thus, an uncomplicated index of 
performance, providing knowledge of results to the subject. Because of its 
simplicity, it requires only a short practice session before baseline levels 
are attained. In most instances, a 10 minute trial is run although this can, 
of course, be increased or shortened depending on time available. 

In the Glenville and Wilkinson (1979) study of the effects of shift work, 
again as in the 4CH, mean reaction time was significantly longer on the night 
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Figure 14. The portable Unprepared Simple Reaction Time test for use in 
the field. Subjects watch for the onset of the display and push the response 
button as soon as possible. The reaction time is indicated on the display and 
recorded as a series of pulses on the cassette tape. 
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than on the day shift. Moreover, during the course of the experiment the sub­
jects become increasingly slow during the night shift but not on the day shift. 
Also during the former, the difference between the first and second halves of 
the test increased with each successive replication whereas during the latter, 
the difference decreased. 

TI1e results found with the portable tests are strikingly similar to the 
adverse effects of sleep deprivation noted by Wilkinson (1961). It was also 
apparent that had only an initial test been made of the effects of shift work, 
no significant differences would have emerged. 

Tne USRT has also been employed in more direct investigations of sleep 
quality. Glenville et al. (1978) found that reduction of the number of hours 
of sleep resulted in a slowing of reaction timesi while Wilkinson et al. (in 
press) noted that even relatively minor sleep disturbances, as brought about 
by environmental noise influences, were sufficient to alter USRT results the 
following day. 

Short Term Memory 

A process that appears to be little affected by disorders of sleep is 
short term memory (STM) (Hamilton et al., 1972). Indeed, some authors (see, 
for examplei Folkard et al., 1976 for a review) claim that STM may be per­
formed better when arousal is low than when it is high since it is ccmplex 
enough to provide a high level of stimulation to the central nervous system 
merely as a result of carrying out the task. 

In the field, the subject hears a list of digits played back from a cas­
sette recorder at a rate of 2 digits/sec. Each list contains 8 digits random­
ly drawn from the set 1 through 9, but with no repetitions within the list. 
After each list, an interval of 6 seconds is allowed during which the subject 
attempts to write down the sequence he has just heard in the correct order of 
presentation. 1he test duration is again 10 minutes during which time 50 such 
lists are presented for recall. Errors can be one of three types: omissions, 
in which a digit or digits cannot be recalled; commissions, in which a digit 
is correctly recalled but not in its correct order of occurrence; and intru­
sionsi in which a digit that was not in the list is falsely recalled. 

The Wilkinson Vigilance Test 

Tiiis test (Wilkinsoni 1970) has been used quite widely in studies of 
sleep deprivation and other states in which arousal may vary. Of the tests 
mentioned, it has proven to be the most sensitive to disorders of sleep 
(Glenville et al., 1978). 1he subject listens through headphones to a cas­
sette recording of a repetitive series of tone pips, 500 msec in duration with 
a regular inter-stimulus interval of 1.5 seconds, occurring in a background of 
"grey" noise. ~cassionally and at unpredictable intervals, one of the tone 
pips is slightly shorter in duration than the rest (approximately 400 msec). 
The subject's task is to detect these signals and report them by an appro­
priate hand indication to the experimenter sitting out of sight of the subject. 
Ideally, the test continues for one hour, but can be shortened to 30 minutes 
depending on the time available to the subject. Performance is analysed in 
terms of the number of signals correctly detected (Hits) and the number of 
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standards incorrectly identified as signals ( False Al arms). From these mea­
sures, indices of the subject's discrimination level of sensitivity (d') and 
willingness to respond (~) can be calculated (Tanner & Swets, 1954). 

Subjective Questionnaire 

While the computer profile of the subject's sleep provides an "objective" 
index of var ic~s para~eters, a nt.&1mber cf reports in the literature have point­
ed out that few of these are actually highly correlated with the subject I s own 
impression of the quality of their sleep. Two questionnaires are therefore 
administered: The Stanford Sleepiness Scale (SSS) (Hoddes et al., 1973) and a 
locally designed scale. 

The SSS is completed just prior to the subject's going to bed and immed­
iately upon their awakening. Subjects are asked to write a number from 1 to 7 
corresponding to their self-assessed level of sleepiness or fatigue. 

lhe second questionnaire was designed to assess the subject's rating of 
their quality of sleep, quantity of dreams, awakenings during the night, the 
duration of such awakenings, and latency to the commencement of sleep. This 
questionnaire, which takes no more than a minute to complete, is administered 
in the morning. 

Conclusions 

The development of a sleep recording protocol in the laboratory often 
takes a number of years of dedicated effort before results begin to appear. 
The transfer of the laboratory to the natural environment has only very re­
cently been attempted. lhe barriers are prodigious. Only with the advent of 
modern electronic trends towards miniaturization has it become feasible for 
progress to be made towards this end. At the same time, advances in computer 
technology have enabled the high-speed analysis of the vast volume of data 
that rapidly accumulates in the field. Automatic analysis also allows for the 
types of microanalyses that the human is quite incapable of carrying out. 

lhe shift from the behavioural laboratory to the field setting may be 
accelerated by the methodological trends described in this article. The 
relatively short duration of many of the performance tests offers the possi­
bility of an inexpensive and completely portable means of assessment for 
screening purposes. The research that has been conducted to date has by 
necessity been limited to normal samples. The application of these proced­
ures to the patient population is an obvious "next step", but far from the 
only one. 

Finally, the develoJ:lllent of research tools never really ends as such. At 
the moment, amohgst other innovations, we are investigating the feasibility of 
on-line analysis of sleep patterns in the home through specially constructed 
microprocessors. 
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