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Objectives This study examined the hypothesis that alertness can be used to predict time-of-day effects on 
performance. 
Methods For 6 or 7 days the volunteers (24, highly preacticed young women) were required to retire to bed at 
0000 and were awakened at 0800. A battery of mood and performance tests was completed every 2 hours while the 
women were awake; the result was 9 equally spaced measures per day. Measures of mood, serial reaction time, and 
memory scanning were recorded. Rectal temperature was recorded continuously. 
Results After omitting the data from the first day to avoid any carry-over from the "first-night" effect on sleep, 
average time-of-day functions were calculated for each subject, for each variable, and were then z-transformed. 
Cross-correlations between the pooled time-of-day trends indicated that, while alertness was a reasonably good 
"predictor" of the simple perceptual-motor speed measures, it fared less well for some of the other measures. Two- 
way analyses of variance indicated that the time-of-day trend for all measures differed from that for alertness, 
although the magnitude of this difference varied substantially and, for some measures, was very largely due to the 
last reading of the day (0000). 
C O ~ C ~ U S ~ O ~  It is clear from these results that, while alertness may successfully "predict" variations in some 
measures of performance capability, and especially those of simple perceptual motor speed, care should be 
exercised in extrapolating to other performance measures. 
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Although similarities in mood and performance rhythms 
have been reported by some authors (1,2), others have 
concluded that rhythms in performance are not simply 
the direct result of circadian variations in mood (3). Nev- 
ertheless, over the past 10 years the 3-process model of 
alertness has been developed, validated, and used to pre- 
dict diurnal variations in alertness (4-9), sleep latency 
(4,10), duration (4,l  I), and hits on a 30-minute vigilance 
task (6). More recently it has been suggested that alert- 
ness can be  used to predict psychological performance 
(4). This suggestion implies that all performance meas- 
ures show a similar time-of-day trend towards alertness, 
a prediction that the current paper aims to examine. 

Measures of subjective alertness are quicker and eas- 
ier to obtain and less disruptive to a normal schedule than 

the assessment of performance; thus predicting perform- 
ance from alertness is an attractive idea that could prove 
to be extremely valuable in an applied setting. An alert- 
ness nomogram (4) has been developed to predict low 
levels of alertness among shift workers dependent upon 
the time of day and length of time since their last sleep. 
A similar nomogram predicting performance could be 
invaluable for determining the safety implications of var- 
ious types of work and could potentially be used in the 
development of safer shift systems. 

The tasks employed in the present study ranged from 
relatively simple measures, such as response speed on a 
serial reaction-time task, to more demanding tasks call- 
ing for considerable working memory involvement. Thus 
w e  were able to examine the relationship between 
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alertness and a wide range of other psychological func- 
tions that placed varying demands upon the highly prac- 
ticed volunteers. 

Subjects and methods 

Subjects 
Twenty-four female undergraduates aged 18-30 (mean 
19.98) years participated in a series of experiments. All 
of them gave their informed consent and were pro- 
nounced medically fit by a medically qualified doctor. 

Procedure 
The volunteers attended a training session with the ex- 
perimenters 2 weeks prior to the start of the study. At 
this session the use of hand-held computers (PSION or- 
ganisers, see reference 12) to be used to collect the data 
was explained to them and the importance of familiariz- 
ing themselves with the tests prior to the start of the study 
was emphasized. The volunteers were asked to practice 
performing the battery of tasks at 2 hourly intervals while 
awake for 8-10 days during the fortnight preceding the 
start of the study. An average of 64.5 (SD 8.32) practice 
trials was completed. After the practice days the volun- 
teers entered the experimental facility to which they were 
confined for a total of 23 or 3 1 days. Normal time cues 
were present throughout, including clocks and watches 
and access to television and radio programs. Ten volun- 
teers were exposed to the natural light-dark cycle through 
windows. On the afternoon that they first entered the fa- 
cility, the volunteers were familiarized with the proce- 
dures involved in the study, including the continuous re- 
cording of rectal temperature. On the subsequent 6 or 7 
days they were required to retire to bed at 0000 at night 
and were awakened by an alarm at 0800 the following 
morning [mean sleep time 7.03 h (SD 12.09 min)]. It is 
the data from this period of 24-hour days that is report- 
ed. 

Tests of mood and cognition were completed at 2 
hourly intervals while the volunteers were awake 
throughout the duration of each study. Meals were con- 
sumed at specific times by 16 of the volunteers after 
awakening each day: breakfast at 0900, lunch at 1300, 
dinner at 1900, and a bedtime drink 30 minutes before 
retiring. The remaining 8 volunteers were free to eat 
whatever and whenever they chose, but were required to 
keep the timing of meals consistent across the days. 

Temperature 
Rectal temperature was recorded every 6 minutes using 
Squirrel Data Loggers (Eltek, Cambridge, England). The 
mean rectal temperature was calculated using readings 

taken during the 30 minutes prior to and the 30 minutes 
following each hour of the day. The means col-sespond- 
ing to the times that the performance tests were complet- 
ed were analyzed further. Temperature data were not 
available for 1 volunteer due to technical failure. 

Mood scales 

Visual analogue (20-point) scales (12) were employed to 
assess mood both before and after 2 cognitive tests. Three 
bipolar scales (- to +) were used to measure alertness, 
calmness and cheerfulness for 8 volunteers in the first 
experiment. The remaining 16 volunteers completed 9 
monopolar scales (0 to +), which were used to compute 
the 3 bipolar dimensions of alertness [alert+energetic 
+(20-sluggish)/3], calmness [calm+relaxed+ (20-tense)/ 
31 and cheerfulness [cheerful+happy+(20-sad)/3]. 

Serial reaction time 

A 400-trial, serial, 4-choice reaction-time task (12) was 
completed. An asterisk symbol appeared in 1 of the 4 
positions on the handheld computer (PSION) display, 
each position corresponding to that of 1 of 4 response 
keys on the keyboard. The volunteer was required to rest 
the first and second fingers of each hand over the appro- 
priate, spatially compatible response keys and to press 
the key corresponding to the position of the asterisk as 
quickly as possible, after which the next stimulus was 
presented immediately. Three derived measures are re- 
ported, namely, mean cossect reaction time, accuracy, (ie, 
the percentage of correct responses), and "gaps" (ie, the 
percentage of responses above 1 second). 

Memory-search task 
The memory-search task was based on Sternberg's (13) 
paradigm. The subject had to remember a set of letters 
and then indicate whether they were present or not in a 
series of 40 probes presented one at a time in the middle 
of the display by pressing the T (true) or F (false) key 
(12). Four memory sets were presented (1, 5, 3, and 7 
letters), each followed by 40 probes. 

The number of correct responses (accuracy) was re- 
corded for each memory set. Reaction times to true pos- 
itive and true negative probes were used to compute the 
mean correct reaction time. Only the accuracy and cor- 
rect reaction time data from the low (1 item) and high (7 
items) load memory sets were analyzed further. Howev- 
er, to represent the speed (and accuracy) of processing 
across the different levels of memory load, a regression 
line was fitted to the mean correct reaction times for each 
of the memory sets at each time-of-day, and the slope 
and intercept were calculated. Before a regression line 
was fitted, a minimum of 80% accuracy had to be 
achieved on at least 3 of the 4 memory sets at each of 
the test sessions. 
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Statistical methods 

The data from the first day were omitted to avoid any 
carry-over from a "first-night" effect on sleep, familiari- 
zation with the laboratory, and the like. The response- 
time measures, including the intercept values for the 
memory-search task, were then inverted (11CRT) to nor- 
malize their distributions, while the "gaps" were trans- 
formed using the formula d ( ~ )  + - \ j ( ~ + l )  to stabilize var- 
iance and reduce the skewness associated with near 0 val- 
ues. The mean time-of-day function for each measure for 
each subject was then calculated and subjected to a z- 
transformation. This procedure equated the means and 
standard deviations across both subjects and measures, 
and therefore greatly facilitated the comparison of the 
different measures by putting them all on an identical 
scale. 

One-way repeated analyses of variance (ANOVA) 
were employed to look for significant time-of-day effects 
in each of the variables. Correlations were then per- 
formed between the 216 (24 subjects x 9 times of day) 
alertness z values and those for each of the other meas- 
ures to assess the extent of their covariation. A 2-way 
ANOVA (with the Greenhouse-Geisser correction for 
sphericity applied) was used to compare the time-of-day 
effect for each variable with that of alertness. 

The initial, 1-way repeated ANOVA confirmed that there 
were significant time-of-day effects for each of the vari- 
ables except calmness, the slope of the regression line 
fitted to the memory search results and accuracy on the 
1-target memory search task. Pooled correlations (table 
1) indicated that variations in alertness accounted for 
much of the variance in the measures of simple, percep- 
tual-motor speed (correct reaction time, r2 = 0.38 1 ; l-tar- 
get reaction time on the memory search test, r2 = 0.279; 
and the intercept value, r2 = 0.287) as illustrated in fig- 
ure 1, which shows the average time-of day trends for 
these measures. It is clear that, with the possible excep- 
tion of the 0000 reading, these measures paralleled vari- 
ations in alertness over the day very closely. In contrast, 
accuracy on the 1- and 7-target versions of the memory 
search task showed virtually no relationship to alertness 
(1-target, r2 = 0.004; 7-target, r2 = 0.003), while that for 
gaps showed only a very modest, but nevertheless statis- 
tically reliable relation (r2 = 0.046). This finding is illus- 
trated in figure 2, which shows the average time-of-day 
trends for these measures. 

The failure of some measures to show a relationship 
to alertness need not necessarily have reflected the sort 

Table 1. Mean time-of-day values for each variable and the results from the comparison of the time-of-day trends in mood and 
performance with that of alertness. (CRT = correct reaction time, Acc = accuracy, RT = reaction time, Temp =temperature, df = degrees 
of freedom) 

Variable Mean values at each time of day (~tandardized)~ Pooled ANOVA 
correlation 

0800 1000 1200 1400 1600 1800 2000 2200 0000 r2 (df=214) Main effect Interaction 
F (8, 184) F (8, 184) 

Alert 

Calm 

Cheerful 

CRT 

Gaps 

Errors 

Accl 

Acc7 

RT l  

RT7 

Intercept 

Slope 

Temp 

aThe mean values are in boldface with the standard error of the mean in italics. 
" P<0.01. "' Pt0.001. 
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0800 1000 1200 1400 1600 1800 2000 2200 0000 
Time of Day 

Figure 1. Time-of-day profiles of alertness and speed of simple 
perceptual performance. All the values were z-transformed, for each 
subject, prior to the plotting of the mean values for each time of day. 
In all cases the higher the score the better the  performance. See the 
legend of table 1 for an explanation of the  terms. 

of systematic differences that might be expected if there 
had been a genuine difference in the timing or nature of 
the underlying control processes of alertness and other 
variables. However, comparisons of the time of day ef- 
fect for each variable with that of alertness indicated that 
there was a reliable interaction between time of day and 
measure (ie, alertness versus variable under considera- 
tion) for all the variables and therefore suggested that the 
time-of-day effect for each of the considered variables 
differed systematically from that of alertness (table 1). 

In the case of the 3 measures of simple, perceptual 
motor speed (correct reaction time, 1-target reaction time 
on the memory-search test, and the intercept value) (fig- 
ure I), the interaction term, although statistically relia- 
ble, accounted for very little of the explained variance 
(3-6%) and was no longer reliable when the 0000 read- 
ings were omitted and the analyses repeated. Thus for 
these measures the interaction appeared to simply reflect 
the fact that at the end of the day alertness decreased to 
a greater extent than response speed. However, for other 
measures, such as accuracy on the 1- and 7-target mem- 

0800 1000 1200 1400 1600 1800 2000 2200 0000 

Time of Day 

Figure 2. Time-of-day profiles of alertness and more complex per- 
formance measures. All the  values were z-transformed, for each 
subject, prior to the  plotting of the  mean values for each time of day. 
In all cases the higher  the score the  better the performance. See the 
legend of table 1 for an explanation of the terms. 

ory and search tasks, and gaps on the serial-choice task 
(figure 2), the interaction was both highly significant and 
accounted for a more substantial percentage of the ex- 
plained variance (17-50%). Furthermore, these interac- 
tions remained significant when the first (0800) or last 
(0000) readings of the day were omitted from considera- 
tion. Thus the time-of-day trends for these measures ap- 
peared to differ reliably and systematically from that of 
alertness. 

For completeness, table 1 also shows the main effect 
of time of day from these analyses. While it is clear that 
these main effects were all reliable, they should be inter- 
preted with extreme caution since they may simply re- 
flect the massively reliable time-of-day effect of alert- 
ness rather than any similarity between alertness and the 
measure under consideration. Thus, for example, there 
were reliable main effects of time of day in the analyses 
comparing alertness and accuracy on the 1- and 7-target 
versions of the memory-search task. This result occurred 
despite the fact that accuracy on the 1-target version did 
not show a significant time of day effect when analyzed 
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by itself and the fact that there was a total lack of any 
evidence for a relationship between these 2 accuracy 
measures and alertness from the pooled correlations. 

Discussion 

We assessed a range of performance and mood variables 
for highly practiced subjects, and, although some showed 
a very similar time-of-day trend to that shown by alert- 
ness, they all differed reliably from it. For the 3 meas- 
ures of simple perceptual motor speed that were obtained, 
this difference was largely confined to the last reading 
of the day (0000) when alertness had decreased to a great- 
er extent than response speed. It is noteworthy in this 
context that, like response speed, the 3-process model of 
alertness also frequently underestimates the fall in sub- 
jectively rated alertness at the end of a period of wake- 
fulness. Thus the subjects' knowledge of clock time and 
of how long they had been awake may have resulted in 
their overestimating the extent of their fatigue when they 
made subjective ratings at the end of their waking day. 

However, for other measures, the time-of-day trends 
differed rather more substantially from that of alertness, 
and this finding is particularly important given the re- 
cent suggestion that the 3-process model of alertness may 
be generalized to predict measures of performance (4). 
While it is certainly the case that the time-of-day trends 
for some measures of performance parallel that of alert- 
ness, a finding noted by others following visual inspec- 
tion of their data (I), it is equally true that other perform- 
ance measures show no such parallelism. Our results sug- 
gest that the 3-process model of alertness may predict 
simple perceptual motor speed with considerable accu- 
racy, especially if modified to take account of the "end- 
of-day'' effect. However, they also suggest that minor 
modifications to the "wake-up" and "end-of-day" effects 
would prove insufficient to enable accurate prediction to 
be derived for other measures of mood and performance 
and, in particular, the performance of tasks requiring 
more complex cognitive functioning. 

It is, of course, the case that the measures obtained 
by us were limited to the normal waking day. It is possi- 
ble that, if readings had been obtained during the night- 
time hours, when the subjects would normally have been 
asleep, a rather different pattern of results might have 
emerged. Thus, for example, if all measures showed sim- 
ilar low values in the early hours of the morning to those 
typically obtained for alertness, their relationship to alert- 
ness would be increased. In contrast, if the rather differ- 
ent trend found over the day for accuracy on the 7-target 
version of the memory-search task reflected the night- 
time peak in performance previously reported for high- 
memory-load tasks (14), then this ability of alertness to 

predict variations in this measure would be reduced even 
further. 

To summarize, the present study collected mood and 
performance data at regular intervals throughout the nor- 
mal waking day from 24 highly practiced volunteers liv- 
ing in a controlled environment. Under such conditions 
reliable time-of-day trends were found for most of the 
variables, and, while some such trends paralleled that of 
alertness fairly closely, in all cases they differed reliably 
from it. It is concluded that the 3-process model of alert- 
ness cannot be generalized to predict successfully all 
measuses of mood and performance. 
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