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This paper summarizes a computer model for predicting alertness/
performance in daily life. The model uses the timing of work hours
(and/or sleep hours) as input and uses both a circadian and a homeo-
static component (amount of prior wake and amount of prior sleep) that
are summed to yield predicted subjective alertness (on a scale between
1 and 21). The model also includes prediction of psychomotor perfor-
mance on various tasks, an identification of levels at which the risk of
performance/alertness impairment start, as well as a prediction of sleep
latency and time of awakening from sleep. The model is currently being
used to evaluate work/rest schedules for navy, airline and railway ap-
plications. It is also used for teaching sleep/wake regulation and for
generating research hypotheses.
Keywords: alertness, performance, sleep, model.

SHIFT WORK AND OTHER types of non-daywork
(and sleep/wake patterns) strongly affect alertness

and sleep (1). Shift work also results in markedly in-
creased sleepiness and EEG-changes characteristic of
sleep (39,51,53). The increased sleepiness may be re-
lated to the higher accident risk in connection with
night work (37,44,47) and to similar performance dec-
rements (23).

Clearly, it would be of practical and theoretical inter-
est to be able to predict the effects of altered sleep/wake
patterns. Several authors have tried to do this in more
or less elaborate ways. Monk, working with subjective
alertness and forced desynchronization, found one cir-
cadian influence related to body temperature and an-
other related to time since sleep (45). Minors and Wa-
terhouse presented a model based on time of day, time
since prior sleep, and subjective quality of prior sleep
and nap (43). In a somewhat different approach, Spen-
cer found that performance on a “digit symbol substi-
tution test” could be explained mainly by a sinusoidal
and a cubic component (48). However, none of these
approaches were validated and they lacked inclusion of
sleep.

Our own model, the Three Process Model of Alert-
ness (TPMA), was first presented in 1987 (24,25), and
subsequently expanded (to include sleep) and validated
(3–6,26–28). In addition, there have been several pre-
cursory attempts to model sleep regulation (12,14,41)
which, although related and inspiring, did not specifi-
cally set out to predict alertness and performance in the
manner that our model does.

The purpose of the TPMA was to provide the follow-

ing: 1) an integrated and quantitative description of the
main factors that affect alertness and alertness-related
performance; 2) a way of predicting alertness from
knowledge of sleep/wake patterns or only work pat-
terns; 3) quantitative support for evaluation of work/
rest (watch) schedules in terms of alertness, fatigue,
performance impairment and accident risk; 4) a quan-
titative tool for monitoring the state of alertness and
fatigue-related error risk; 5) an educational tool for
teaching sleep/wake regulation and fatigue conscious-
ness; and 6) a tool for generating research hypotheses
regarding sleep/wake regulation and its consequences.

One identified user group for the Three Process
Model is schedulers and planning staff who want to
evaluate the fatigue and performance effects of partic-
ular work schedules, such as those used by the road,
sea, air, and railway transportation sectors. A second
user group consists of occupational specialists and hy-
gienists who work in these areas and who need infor-
mation on human physiology and performance in rela-
tion to irregular work hours.

THE MODEL

Concepts and Assumptions of the Model

One main cause of shift work-induced sleepiness is
the circadian pacemaker and its effect on physiology
and psychology. It is clear that, in the absence of circa-
dian regulation, irregular work hours would not con-
stitute a problem, since the circadian low in the early
morning would not reduce alertness, and since daytime
sleep would not be interfered with by the increase in
metabolism during the day. A number of studies in-
volving normal night time sleep (31), sleep deprivation
(34), spontaneous desynchronization (16,55), and forced
desynchronization (20,30) have shown that alertness

From the IPM (T. Åkerstedt, C. Portin) and Department of Public
Health Sciences, Karolinska Institutet, Stockholm, Sweden (T. Åker-
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and performance display a time of day pattern with a
maximum in the late afternoon and a trough in the early
morning around 05:00.

A second likely cause of sleepiness in shift workers is
the shortened sleep in connection with morning and
night shifts (2,11,33,49,53,54). However, there are no
experimental data linking this shortened sleep to re-
duced alertness or performance in a real life shift work
setting. On the other hand, studies on sleep reduction in
general indicate that a 2- to 4-h reduction of night sleep
will reduce alertness, although probably not enough to
make it the major cause of night shift sleepiness—the
recuperative value of the last 2–3 h of an 8-h sleep
seems quite low (35). Importantly, the effect of re-
stricted sleep seems to accumulate, at least up to some
upper asymptote (15,56).

A strong time of day (circadian) effect is the reason
for the truncated morning sleep after night work (8). As
bedtime is delayed from the night hours, sleep length
will fall to about 4.5 h for morning to noon bedtimes,
and then recover as the day progresses into evening.
The same effect has been demonstrated under condi-
tions of spontaneous (16) or forced (19) desynchroniza-
tion. Thus, sleep is very difficult at the acrophase (max-
imum) of the body temperature rhythm and very easy
at the nadir (minimum). One should bear in mind,
though, that sleep length is also determined by prior
wakefulness. Thus, a 5-h sleep at noon after a night shift
would shrink to 3.5 h if a 2-h nap were permitted
during the night, or to 2 h if a full night sleep (7–8 h)
were permitted (9).

The reasons for the short sleep before the morning
shift include the need to terminate sleep very early in
the morning, and the individuals being unable to ad-
vance their bedtime to fully compensate for this change.
The latter failure may be partly social but there is also a
strong circadian influence on sleep latency, making
early initiation of sleep very difficult (10,29). This early
evening time of sleep resistance has been called the
“forbidden zone” for sleep (42).

A sleep shortened through truncation will also in-
crease the time spent awake. This factor, which is also
increased by delaying work hours, has not received
much attention in research in shift work. Data from two
early experimental sleep deprivation studies, however,
clearly show a pronounced fall of alertness and perfor-
mance with time awake, leveling out toward days 3–4
(controlling for circadian influence) (34,57). More recent
studies have also found the same phenomenon of a
gradual fall in alertness/performance in connection
with forced desynchronization (20,26). The effects of
prior time awake should be viewed against the fact that
the night shift starts 10–16 h after rising, in contrast to
the 1–2 h of the morning shift, or the 4–6 h of the
afternoon shift. Thus, a night shift is usually preceded
by an extended period of time awake, compared with
the morning and evening work periods. Similarly, an
early start to work will involve a longer period of
wakefulness at any subsequent time of day than a later
start and thereby increase afternoon sleepiness (40). The
shorter sleep associated with early starts will also in-
crease afternoon sleepiness.

Components of the Model

Alertness and the components: Using subjective alert-
ness data from a number of experiments of altered
sleep/wake patterns we found that alertness was pre-
dictable from three parameters: S, C, and W (Fig. 1).
Process C represents sleepiness due to circadian influ-
ences and has a sinusoidal form with an afternoon peak.
Process S is an exponential function representing the
time since awakening, and, therefore, is highest on
awakening, with an initially steep rate of drop declining
toward its lower asymptote over the course of the wak-
ing period. At sleep onset, process S is reversed and
called S� and recovery occurs in an exponential fashion
that initially increases very rapidly but subsequently
levels off toward an upper asymptote. Total recovery is
usually accomplished in 8 h. The final component (not
in Fig. 1) is the wakeup Process W, or sleep inertia.
Since this variable was not part of the modeling tasks of
the workshop it will not be discussed here. Since the
original publication of the model we have added a
process U, for “ultradian,” to simulate the afternoon dip
in alertness.

The parameters of the model are as follow (default
values within parentheses):

S � [Sa � Le(�0.0353t) � L]; where Sa � value of S (14)
at awakening, L � lower asymptote (2.4), t � time since
awakening.

S� � U � (U � Sr)e�0.381t; where Sr � value of S at
retiring (7.96); U � upper asymptote(14.3); and t � time
since falling asleep.

C � Mcos (t � p); �/12; where M � amplitude (2.5),
p � acrophase (in decimal hours), and t � time of day
(in decimal hours).

S � C � the alertness prediction (excluding W).
The arrow at “7” indicates the level of risk (see be-

low).
The values in parentheses are the present default

values of the model.
U � mesor � Mu * cos{2* �/period*[t � (p � pU)]}
W � WInit * e�WDecay * t; WInit � 5.7, WDecay �

0.65692, t � time since awakening.
For S� � 12.5, then: S� � prevS � [U � (U �

12,5)e�0.381t] � 12.5; t � time since prevS.

Fig. 1. The components of the Three Process Model of Alertness.
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The final function presented above imposes a limit on
the value of S� so that the speed of recovery cannot
exceed that at a critical value on the x-axis. Otherwise it
would always be possible to recover from great
amounts of sleep loss within an 8-h sleep episode. The
optimal level is presently being evaluated, but it seems
the critical value should be set to 12.5 to yield a reason-
able representation of, for example, chronic sleep loss
data. Thus, at values lower than 12.5 there will be no
increase in speed of recovery.

The predicted alertness is expressed as the arithmetic
sum of the two (W presently excluded) functions above
(S � C in Fig. 1). The scale of the model ranges normally
from 1–21 (and was originally a visual analog scale), but
in practice “3” corresponds to extreme sleepiness, “14”
to high alertness, and “7” to a sleepiness threshold
(EOG slow eye movements) (3,26). In Fig. 1 S � C
shows predicted alertness when wakefulness is ex-
tended by 8 h (to 24 h), as is frequently the case, for
example, with a first night shift. This particular predic-
tion assumes that awakening occurs at 07:00 after an 8-h
sleep, and thereafter no sleep occurs (due to the night
shift) until 07:00 the following morning. The combined
effect of S � C (long time awake and the circadian
downswing) yields a fall of alertness during the night,
with a trough in the early morning. After sleep is
started, the steep recovery of factor S�, together with the
circadian upswing causes a rapid increase in (latent)
alertness during sleep.

The ultradian component: Many studies have indicated
an afternoon slump in alertness regardless of whether
food intake has occurred at lunch. A common assump-
tion is that this slump is due to a 12-h component in
alertness. This part of the model uses a 12-h rhythm
with an amplitude of 0.5 units and an adjustable phase,
set 3 h before the acrophase of C.

Performance: Performance data have been obtained
from a number of mainly laboratory studies. The new
parameters have been simulated using standard set-
tings and a linear regression. Among them is the num-
ber of incidents (two wheels outside the road) or acci-
dents (four wheels outside) in a driving simulator
provided by Horne and Reyner (58). This means that
we now can predict accident risk (at least in a driving
simulator) of a particular work schedule. Number of
hits in a performance tests have been obtained from a
laboratory study (6) and mean performance on a reac-
tion time test has been obtained from another labora-
tory study with 24 h of continuous wakefulness.

Handling Sleep

As touched on above, a model intended to predict the
sleepiness-inducing effects of work schedules would
need to be able to model sleep. Otherwise, the model
could only be used on work schedules in which sleep
behavior is known. This would severely limit the use-
fulness of the model as knowledge of work schedule-
induced sleep behavior is probably the exception rather
than the rule.

Sleep latency: Sleep latency prediction was discussed
by Borbély and Daan as a direction for extending the
two-process model (13,17), but mainly as a theoretical

exercise. We, therefore, used a series of experimental
studies to model a function to transfer the alertness
prediction of our alertness model into sleep latency
values (5). The result was: y � 0.56*100.12x, where x �
predicted alertness and y � sleep latency in minutes.
This means that sleep latency starts around 0.5 min for
the lowest level of predicted alertness (alertness score �
1). Predicted alertness rises with increasing sleep la-
tency. At normal waking levels of predicted alertness
(alertness � 10–12), sleep latency is around 10 min. At
very high levels of predicted alertness (alertness � 13–
17), sleep latency exceeds 20 min. These high levels of
long sleep latencies occur for day time sleep episodes
that have been preceded by very short periods of prior
waking.

Interestingly, the relationship between sleep latency
and alertness predictions from the model is curvilinear.
This seems intuitively logical, considering that the men-
tal attitude toward initiating a sleep episode may be
disproportionally more negative at high levels of alert-
ness compared with low levels—sleep attempts at high
alertness may be seen as futile and aborted. In terms of
predicted alertness values and their verbal interpreta-
tion (3), a sleep latency of 1 min corresponds to a
predicted alertness of 3 and a subjective rating of “very
sleepy, fighting sleep, an effort to keep awake.” The
clinical criterion of a 5-min latency corresponds to a
predicted alertness of 7–8, verbally close to “sleepy but
not fighting sleep.” Long latencies (�20 min) corre-
spond to predicted alertness of 13–14 and ratings of
“alert” to “very alert.”

Sleep termination: To model the sleep offset function
we assumed that an awakening from sleep will occur
whenever sufficient (latent) alertness is reached; that is,
when homeostatic plus circadian alertness (S� � C�)
reaches a critical sleep offset level (C� � C during
sleep). The latter was assumed to be just below the
value that S� approaches during sleep, that is, the as-
ymptote of S� (4). The curve fit to sleep termination data
reached a maximum of explanatory power for a level
0.1 below the asymptote. The parameters were vali-
dated against laboratory studies and a few field studies;
the predicted value was close to the empirical values
(4). Regrettably, there is a dearth of studies to use for
validation, since practically all sleep studies have used
forced awakening designs.

It should be emphasized that the findings on sleep
termination confirms the findings of the two-process
model of Borbély et al., but using completely different
data sets, and focusing on very different types of vari-
ables (subjective alertness). In fact, the parameters of
the components in our model are numerically very
close to those of Borbély et al.

Sleep onset: Knowledge of bedtime and the time of
rising is a required input for most models, but fre-
quently one encounters the need to evaluate a particu-
lar work schedule without any empirical information of
when sleep will be taken. Thus, there is a need for a
reasonable assumption on when bedtime is likely to
occur. This could be based on empirical data previously
collected from similar work schedules, but that would
require empirical studies of each new schedule that one
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wants to model/evaluate. Thus, there is a need for a
more general approach. The TPMA handles this by
extrapolating from field sleep/wake diary data. The
model assumptions include a cognitive component that
takes into account rational behavior (i.e., in several
studies the normal nighttime was 23:00), a pre-morning
shift bedtime based on the observation that such a
bedtime is only marginally advanced compared with
that of day work, and a post-night work component
that predicts bedtime 1 h after the end-of-shift. The
latter may, of course, be adjusted for groups that work
close to the bed with sleep-at-work work facilities.

Napping behavior also needs a cognitive component.
Most day workers do not nap. Individuals on night or
morning shifts, however, do. The decision to take a nap
is based on knowledge of whether the next work shift
will interfere with normal sleep and on the perception
of when sufficient sleepiness will occur. For individuals
on sea watch and similar schedules, it is assumed that
sleep will be attempted whenever there is a (truly) free
watch that is not used for other types of work or for
meals. The particular algorithm that addresses this is-
sue is presently being validated for inclusion in the
three-process model.

Special Issues

Individual differences: Individual differences occur
along many dimensions. Perhaps the most obvious one
is “morning/eveningness” (36), or “diurnal type” (50),
which describes the displacement in time of the alert-
ness and sleep positioning pattern. The TPMA differ-
entiates between pronounced and moderate morning
and evening types plus defines an intermediate group.
Process C is phase adjusted 1 or 2 h earlier or later,
respectively. This will automatically affect predicted
bedtime and time of rising since both are dependent on
the level of processes S � C � U. The default value is
“intermediate.”

The habitual need for sleep is also a well-researched
topic. This issue has been dealt with in the three-process
model by adjusting the time constant of the S� function
to reach full recovery in the time indicated as habitual
sleep duration. The default value is 8 h.

Chronic sleep loss: Chronic partial sleep loss causes a
gradual increase in sleepiness that may or may not level
off (21). The latter question has not been settled but, as
described above, the present model contains a “sleep
break” that turns the inverted exponential function of S�
into a linear function at alertness level 12,5. This pre-
vents the unlimited increase of the speed of recovery
which is part of the function S�.

Time zone shifts: The model includes a simple phase
adjustment function for time zone shifts. The adjust-
ment occurs as a phase shift of 1 h � d�1 eastwards or
westwards. The effect of light exposure on phase (or
amplitude) is not included in the model, mainly be-
cause light data are extremely difficult to obtain with
any reliability in most field situations.

The risk zone: The model was developed under the
assumption that the predictions will be for people ex-
posed to an average sedentary workload. Obviously,
monotony as well as stress will exert masking effects.

We have only limited knowledge of such effects, but
one may use, for example, the effects seen in a driving
simulator as an algorithm representing such soporific
effects. However, since the environment changes rap-
idly, it would be very difficult to enter such effects into
the model on a minute-by-minute basis. Rather, one
should use the concept of a risk zone, indicating the
highest level of alertness that would be expected after,
for example, 30 min of exposure to a sleep-inducing
situation.

In the same vein, one would also attempt to construct
the opposite, activation-induced effects, based on field
studies of groups under stress. We have obtained such
parameters for aircrew during takeoff and landing ma-
neuvers. Essentially, the activation transforms low
alertness levels to high values for the duration of expo-
sure. If the exposure is of long duration, one may as-
sume that the activating effects will wear off. Exactly
how this occurs is not known and is obviously an area
that needs research.

Countermeasures: The effects of countermeasures in-
trinsic to the model, such as napping, are automatically
included in all predictions. Other countermeasures,
such as physical activity or caffeine, are presently being
implemented. It is difficult to reliably predict such pa-
rameters since the effect of different temporal patterns
of caffeine intake on alertness remains unknown.

Validity and Limitations

Validity: The validity of the model was tested against
laboratory and field studies of night shifts, using sub-
jective alertness as well as EEG alpha and theta power
density during waking (open eyes). Generally, the val-
idation analyses showed that medium to high (8–14)
predicted alertness seems to lack increased alpha activ-
ity, whereas there is a sharp increase, sometimes a
doubling, below 7 (3,7). Clearly, high levels of predicted
sleepiness in train and truck drivers co-vary with high
levels of EEG alpha and theta power density, as well as
with EOG slow movements. Increased alpha and theta
activity may be incompatible with adequate perception
of visual signals (18,38,46,52). Very similar results were
observed for the EOG in the original validation studies
(26). Thus, it seems that predicted values from 5 to 3
may be characterized by pronounced intrusions of
sleep-related EEG and EOG changes even in the active
individual. That is, there is a clear risk of behavioral
errors.

Validation against performance has started recently
and was investigated by trying to predict performance
on a 30-min vigilance task (12 subjects, 32 signals) from
a study exposing participants to 64 h of sleep depriva-
tion (7). The results show a very close co-variation of
predicted alertness with the mean (n � 12) number of
hits on the vigilance test. One unit increase in the model
corresponds to an increase of 1.9 hits (with an intercept
at 3.8). Daytime performance would normally exceed 23
hits or an alertness value of 10. Extreme sleepiness in
the morning after two nights of sleep loss would corre-
spond to an alertness value of 2 and a performance
value of 7 to 8 hits out of 32. Presently attempts are
being made to model different types of performance
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measures, as perhaps they may exhibit slightly different
functions (22,32).

Limitations: There are several limitations with regard
to the TPMA and its predictions. First, it is developed
on group mean data. Little experimental data on indi-
vidual variations were available, except for diurnal type
and sleep habits. Other limitations include unconven-
tional decisions on when to go to bed, unforeseeable
disturbances during sleep, irregular use of drugs, and
many other influences. Similarly, different types of self-
determined countermeasures may easily influence
alertness predictions. This includes physical activity
and social interaction with others. Such behavior is
often seen in shift workers at night but to the best of our
knowledge little systematic data are available. One
must bear in mind, though, that the model is intended
to be a tool for the evaluation of general effects of work
schedules.

Model Interface

Input: The only required input for the software is a
work schedule, that is, the start and end of each work
period. The software will generate likely bedtimes and
times of sleep termination automatically. Any limita-
tions of time in bed can also be entered. If the user
chooses he can also enter times of sleep. If time zone
shifts are involved, the user indicates when this occurs
and the number of time zones crossed. The user may
also enter diurnal type (morningness/eveningness), ha-
bitual sleep length, and the presence of sleep problems.

Adjustable parameters: The adjustable parameters are
as follows:

Variables of the three processes (S, C, and U);
Variables of the sleep-inertia function (W) (not used

for the present modeling);
Variables of the sleep-latency function (L);
Variables of the automatic sleep-generator;
The value of the critical level (if the default value is

not deemed sufficient;
Time resolution of calculation.
Output/predicted metrics: The main output is the pre-

dicted alertness curve. This may have the default form
of the 1–21-point generic scale or the KSS. Performance
curves include mean serial reaction time, vigilance hits,

percent of time with sleep during a vigilance test, and
the number of incidents or accidents in a driving sim-
ulator. In addition, the software will compute the per-
cent of total time or work time with sleepiness levels
above the critical limit. This is one of the key parame-
ters summarizing the risk level of the particular sched-
ule.

An equally important type of output is the estimated
bedtime, the latency to sleep, and the total sleep time. In
addition we also predict the number of minutes with
SWS and the subjective sleep quality.

All data are stored in a tabular form for easy output.
The resolution can be scaled from one minute to several
hours.

SIMULATIONS

To judge the performance of the models, several stan-
dard scenarios were given (59). Below is the output of
the TPMA, organized according to the scenarios. The
output parameter is the Karolinska Sleepiness Scale
(KSS), ranging from 1–9.

Scenario 1: 88 h of Laboratory-Based Sleep
Deprivation With and Without Naps

Two conditions were simulated (Fig. 2). Condition 1:
88 h of continuous wakefulness starting at 07:30 after
baseline sleep 3. Condition 2: 88 h of wakefulness start-
ing at 07:30 after baseline sleep 3, except for a 2-h nap
scheduled every 14:45–16:45 and 02:45–04:45 (total 7
naps).

Fig. 2 shows that sleepiness (KSS) is normal during
the first 3 d and then starts to rise and crosses the critical
line during the first night awake. After the second day
awake sleepiness is critical, not only during the night,
but also during the entire day. This is further exacer-
bated after the third night awake.

Under Condition 2, with 2-h naps twice a day, the
sleepiness increase is strongly counteracted although
the day values during the third day of continuous
wakefulness stay above the critical line. One night of
recovery sleep is not sufficient for full recovery, partic-
ularly after total sleep deprivation.

Fig. 2. Results from simulations of
conditions 1 and 2 with 88 h of total
sleep loss and with two 2-h naps per
day. Dark bars indicate sleep.
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Scenario 2: 14 d of Partial Sleep Deprivation
in a Laboratory

Two conditions were simulated. Condition 1: 14 d
of 20 h of scheduled wakefulness scheduled 07:30 –
03:30 followed by sleep with 4 h of time in bed
scheduled 03:30 – 07:30. Condition 2: 14 d of 18 h of
scheduled wakefulness scheduled 07:30 – 01:30 fol-
lowed by sleep with 6 h of time in bed scheduled
01:30 – 07:30

Condition 1 shows an increase of sleepiness across
the first 3 d of reduced sleep (Fig. 3). Most of the days
still only indicate intermediate sleepiness even if
evening values reach far above critical levels. Recovery
sleep does not provide full adjustment despite three
successive sleep periods.

Condition 2 with 6 h of sleep also shows a gradual
increase of sleepiness across the first days but levels out
on a very moderate level.

Scenario 3: Field Data Collected from Experienced
Freight Locomotive Engineers on the Extra Board

Scenario 3 involves very irregular work patterns for
10 train drivers. Since this is too much to present in
curves we only present the percentage of time at risk
(7–8 � orange, �8 � red) for each work period (Fig. 4).
The results indicate that most drivers will drive at risk
except drivers 4 and 6. High risk is seen for drivers 2, 7,
and 9. In most cases, the drives at risk occur at night
with reductions of prior sleep.

Scenario 4: Theoretical Schedule for Ultra-Long-
Range (ULR) Flight Operations Involving

Four Crewmembers

Fig. 5a is derived from reported rest durations. The
simulations suggest that pilots 1–3 will be at moder-
ate risk during the outbound flight, mainly because
prior sleep is insufficient and the flight is undertaken

Fig. 3. Results from simulations of
conditions 1 and 2, with 4 and 8 h of
sleep per day, respectively. Dark bars
indicate sleep.

Fig. 4. Simulations of alertness for
10 locomotive engineers across 14 d
of irregularly scheduled work. Yel-
low � work at acceptable alertness,
orange � work at sleepiness/risk,
red � work at very high sleepiness/
risk, blue � rest/sleep.
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at night. Pilot 4 takes a proper nap before the flight
and goes on duty rather late. On the return flight pilot
1 flies at risk due to short prior sleep and flying at
night. Pilot 2 obtained more prior night sleep and has
a lower risk. Pilot 3 works a long time at moderate
risk, but avoids the highest risk level because of an
in-flight nap and later duty. Pilot 4 avoids risk be-
cause he again sleeps well prior to the flight and gets
an in-flight nap, together with a later, more day-
oriented duty.

Fig. 5b shows increased time at risk for all pilots
when the simulations produce estimates of sleep based
on the model parameters. Since we predict that less
sleep is obtained than what is available during the rest
periods, the time at risk is increased for all pilots.

Scenario 5: 7 d of Sleep Restriction Followed by 3 d
of Recovery Sleep in a Laboratory

Condition 1 involved 6 h of sleep per day, and con-
dition 2 involved 3 h. Three 8-h periods of recovery
sleep followed.

The simulation (Fig. 6) shows a moderate increase
in sleepiness for the 6-h condition and a steep in-
crease for the 3-h condition. Rate of increase levels
out for both conditions on the fourth day. The sleep

debt has yet to be completely recovered after the
third recovery sleep.

CONCLUSIONS

The predictive capacity of the TPMA, given the
amount of variance it explains in empirically collected
data, is fairly respectable. It should be emphasized that
the present model is a general approach in which sleep
duration, speed of recovery during sleep, time awake,
circadian phase, and performance are thoroughly inte-
grated. A nap will affect and be affected by subsequent
sleep (latency, depth, duration). Sleep loss and time
awake will affect subsequent sleep (latency, depth, du-
ration), including naps. Furthermore, the resulting
sleep will be directly related to alertness and perfor-
mance. This interactive approach is unique to this
model. Another important approach is the prediction of
sleep from work schedules, a necessary component in a
model that evaluates schedules. Still, there is much
work to be done. One of the most urgent tasks is to
evaluate the effect of time on task. Despite the wide-
spread notion that the duration of a duty period is
important to safety, there is not a single study that has
evaluated its influence while controlling for time of day,
prior sleep, and prior time awake.

Fig. 5. a (upper) and b (lower). Sim-
ulated sleepiness in ultra-long-range
pilots using reported sleep length (a)
and modeled sleep length (b). Red �
high risk, orange � moderate risk, yel-
low � low risk, green � no risk.
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34. Fröberg JE, Karlsson CG, Levi L, Lidberg L. Psychobiological
circadian rhythms during a 72-hour vigil. Försvarsmedicin
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