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Abstract 

Study Objectives:  Sleep loss can cause cognitive impairments that increase the risk of mistakes and accidents. However, existing 
guidelines to counteract the effects of sleep loss are generic and are not designed to address individual-specific conditions, lead-
ing to suboptimal alertness levels. Here, we developed an optimization algorithm that automatically identifies sleep schedules and 
caffeine-dosing strategies to minimize alertness impairment due to sleep loss for desired times of the day.

Methods:  We combined our previous algorithms that separately optimize sleep or caffeine to simultaneously identify the best sleep 
schedules and caffeine doses that minimize alertness impairment at desired times. The optimization algorithm uses the predictions 
of the well-validated Unified Model of Performance to estimate the effectiveness and physiological feasibility of a large number of 
possible solutions and identify the best one. To assess the optimization algorithm, we used it to identify the best sleep schedules 
and caffeine-dosing strategies for four studies that exemplify common sleep-loss conditions and compared the predicted alertness-
impairment reduction achieved by using the algorithm’s recommendations against that achieved by following the U.S. Army caffeine 
guidelines.

Results:  Compared to the alertness-impairment levels in the original studies, the algorithm’s recommendations reduced alertness 
impairment on average by 63%, an improvement of 24 percentage points over the U.S. Army caffeine guidelines.

Conclusions:  We provide an optimization algorithm that simultaneously identifies effective and safe sleep schedules and 
caffeine-dosing strategies to minimize alertness impairment at user-specified times.
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Graphical Abstract 

Statement of Significance

In the modern 24/7 society, individuals are often required to perform their daily activities with cognitive abilities impaired by insuf-
ficient sleep, reducing productivity and compromising safety. To provide effective sleep-loss countermeasures, here, we developed 
and assessed an optimization algorithm to simultaneously identify the best sleep schedule and best caffeine-dosing strategy to 
minimize alertness impairment for a specific situation. By allowing sleep-deprived individuals to maximize the benefits of limited 
sleep opportunities and consume the least required amount of caffeine, this algorithm can serve as an important component of 
fatigue-management systems. Future efforts should focus on experimentally assessing the effectiveness of the algorithm’s recom-
mendations to mitigate alertness impairment under sleep-loss conditions.

Approximately one-third of the U.S. adult civilian population [1] 
and two-thirds of active-duty military personnel [2] sleep less 
than 6.0 hours per day, considerably less than the minimum 
of 7.0 to 8.0 hours that is recommended for sustaining overall 
health and well-being [3]. In addition to negative health conse-
quences, insufficient sleep also impairs cognitive performance [4] 
and leads to fatigue levels associated with an increased risk of 
accidents in operational settings [5, 6]. For example, during the 
war in Afghanistan, about 22% of Service members who reported 
sleeping less than 3.0 hours per day also reported having a mis-
hap, compared to only 1% of those who reported sleeping 7.0 
hours per day [7]. One potential solution to these problems is to 
make accommodations to prevent insufficient sleep, for instance, 
by reducing workload or creating appropriate conditions to facili-
tate sleep, such as suitable lighting, reduced noise, and adequate 
ambient temperature. However, when insufficient sleep is una-
voidable, individuals need effective sleep-loss countermeasures 
to mitigate cognitive performance impairment.

Increasing the amount and quality of sleep, targeted caffeine 
consumption [8], and exposure to bright light [9] are common 
sleep-loss countermeasures to reduce alertness impairment. Less 
common, however, is the availability of tools to determine, for an 

arbitrary situation, the best sleep schedule, when and how much 
caffeine to consume, or the time and intensity of light exposure 
required to sustain a target alertness level for a desired length 
of time, while considering the accumulated sleep debt, time of 
day, and operational constraints. The few tools available rely on 
computational mathematical models that predict when users 
will reach fatigue levels that compromise safety and, ideally, sug-
gest possible countermeasures [10–13]. For example, using his-
torical data, the commercially available smartphone application 
Jeppesen CrewAlert estimates the most likely sleep schedule for a 
given work itinerary and the corresponding time course of alert-
ness for a population of crew members in the aviation industry 
[10, 14]. This allows crew members to anticipate whether their 
itinerary has an increased risk of fatigue and prepare accord-
ingly by managing their sleep opportunities [10]. The tool also 
provides mitigation recommendations, such as an ideal sleep 
schedule, light exposure, or caffeine consumption [15], however, 
the suggestions are tailored to maximize alertness at a specific 
point in time (chosen by the user) rather than during a length 
of time corresponding to the entire itinerary or the most cogni-
tively demanding periods of the work schedule. Another example 
is the commercially available PRISM Fatigue Management System 
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[12], which predicts the time course of alertness based on the 
three-process model of alertness regulation [16] and allows users 
to anticipate periods with high levels of alertness impairment, 
providing an opportunity to engage in suggested countermeas-
ures. However, as with other commercial tools [17, 18], the under-
lying models and algorithms used to obtain alertness predictions 
and countermeasures are not publicly available, nor are peer-
reviewed publications reporting the validity of their effectiveness.

To address the need for tools to identify effective sleep-loss 
countermeasures to reduce alertness impairment, we previously 
developed and publicly released 2B-Alert web, an application acces-
sible through multiple web browsers that predicts the average 
alertness level of a group of individuals as a function of time of 
day, sleep history, and caffeine consumption, and automatically 
recommends safe and effective caffeine interventions that lead to 
optimal alertness levels at user-specified times under any sleep-
loss condition [11]. We also developed the smart phone application 
2B-Alert app, which, in addition to the capabilities of the web ver-
sion to predict alertness and recommend caffeine interventions, 
can measure the alertness level of the user via the psychomotor 
vigilance test (PVT) and use the test measurements to learn the 
user’s trait-like response to sleep loss to provide individualized 
predictions and recommendations [13]. Recently, we validated the 
ability of the 2B-Alert app to identify effective individualized caf-
feine interventions in a 62-hour total sleep deprivation (TSD) study 
and showed that by following the app’s recommendations, partic-
ipants sustained a pre-specified alertness level 80% of the time, 
regardless of their sensitivity to sleep loss [13].

Here, we describe an optimization algorithm that simulta-
neously identifies the best sleep schedule and the best caffeine 
dosage (i.e. time and amount) so as to minimize alertness impair-
ment at desired times of the day for the desired length of time. 
To create the optimization algorithm, we combined our previ-
ously developed algorithms to optimize caffeine consumption 
[19] and sleep schedules [20]. As in its original conceptualiza-
tion, the resulting algorithm relies on the well-validated Unified 
Model of Performance (UMP) [21–23] to predict the time course 
of alertness for a large number of potential sleep schedules and 
caffeine-dosing strategies and identify the best one. Importantly, 
the algorithm also uses the UMP extensions that predict sleep 
latency and duration [24] to assess whether potential sleep 
schedules are physiologically feasible and avoid schedules that 
cannot be followed in practice. We assessed the optimization 
algorithm by simultaneously identifying the best sleep schedule 
and the best caffeine-dosing strategy to achieve a target alertness 
level at the desired times in four different sleep-deprivation stud-
ies that exemplify common sleep-loss conditions (i.e. restricted 
sleep, night-shift work, and sustained operations). To provide a 
benchmark, we compared the alertness-impairment reduction 
achieved by using the algorithm’s recommendations with that 
achieved by following the U.S. Army caffeine guidelines for sleep-
loss countermeasures [25], both for the original sleep schedules 
used in the studies and in combination with the sleep schedules 
obtained when optimizing sleep alone.

Materials and Methods
Experimental studies
We assessed the potential benefits of simultaneously optimiz-
ing caffeine consumption and sleep schedules using four diverse 
field and laboratory studies (studies 1–4), which we previously 
used to assess the benefits of optimizing sleep schedules alone 

[20]. The studies involved simulated sustained operations with a 
period of TSD and daytime sleep, chronic sleep restriction (CSR), 
CSR with night-shift work, and CSR with day-night split sleep. For 
each study, we used the algorithm to first optimize sleep sched-
ules alone, and then to simultaneously optimize both caffeine 
consumption and sleep schedule, with the goal of quantifying 
and comparing the benefits of combining both countermeasures 
to reduce alertness impairment. In addition, we compared the 
reduction in alertness impairment achieved by the algorithm’s 
recommendations against that achieved by following the U.S. 
Army caffeine guidelines [25].

Study 1 [26]. Ten male Special Forces personnel (mean age: 28.6 
years, range: 19.0 to 32.0 years) participated in a field study of 
sustained operations. After an overnight 8.0-hour sleep period, 
starting at 07:00 on day 1, participants underwent 31.0 hours of 
TSD followed by 2 days of restricted daytime sleep (time in bed 
[TIB] from 13:30 to 17:30 on days 2 and 3). The study ended at 
09:30 on day 4. Participants completed 31 sessions of a 5-minute 
PVT at intervals of 0.2 to 2.8 hours during wakefulness.

Study 2 [27]. Twelve participants (eight women; mean age: 26.0 
years, standard deviation [SD]: 7.1 years) took part in a CSR study. 
As instructed, during the initial home phase of the study, par-
ticipants followed their habitual sleep schedule for 14 days and 
monitored their sleep patterns using actigraphy and sleep diaries. 
Then, participants spent eight nights in the laboratory, maintain-
ing their habitual sleep (mean duration: 7.1 hours, SD: 0.7 hours), 
waking up at 07:00, and leaving the laboratory during the day 
to perform daily activities. After this phase, participants started 
the full-time, in-laboratory phase of the study, consisting of one 
night of habitual sleep (waking up at 07:00) and seven nights of 
sleep restriction (TIB from 04:00 to 07:00). Participants performed 
a 5-minute PVT every hour between 08:00 and 18:00 during the 
sleep-restriction days. During PVT assessment and sleep periods, 
participants stayed in individual sound-attenuated rooms, where 
ambient temperature was maintained at 23°C and lighting was 
kept at 500 lux during wake periods, with background white noise 
kept at 65 dB at all times.

Study 3 [28]. Twelve male participants (mean age: 26.8 years, 
range: 18.0 to 32.0 years) took part in a study of simulated night-
shift work. Prior to the in-laboratory simulated night-shift work, 
participants reported habitual sleep-onset times between 22:00 
and 02:00 and a total sleep time ranging from 6.0 to 9.0 hours. The 
simulated period started at 07:00 on day 1 and ended at 23:00 on 
day 5. Participants had sleep opportunities with TIB from 08:00 
to 12:00 on days 2 to 5 and performed 5-minute PVTs every 1.5 
hours throughout most of the time awake. During PVT assess-
ment and sleep periods, participants stayed in individual sound-
attenuated rooms, where ambient temperature was maintained 
at 23°C and lighting was kept at 500 lux during wake periods, with 
background white noise kept at 65 dB at all times.

Study 4 [29]. Twelve male participants (mean age: 28.0 years, 
range: 21.0 to 47.0 years) took part in a CSR study with split sleep. 
During the week prior to the study, participants slept from 23:30 
to 07:30, as verified by actigraphy and sleep diaries. Then, partici-
pants started the full-time, in-laboratory phase of the study. After 
three baseline nights with TIB from 23:30 to 07:30, participants 
started a period of 88.0 hours (starting at 07:00 on day 1 and end-
ing at 23:00 on day 4) in which they were allowed to sleep for 2.0 
hours every 12.0 hours starting at 15:00 on day 1 (seven TIB sleep 
opportunities in total). Participants performed a 10-minute PVT 
every 2.0 hours throughout most of the time awake. Throughout 
the in-laboratory phase, participants were isolated from time 
cues and ambient light was kept to less than 50 lux.
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Metrics of alertness impairment
In the four studies, participants used the PVT, a well-validated 
and widely used reaction-time test [30, 31], to assess changes in 
their alertness-impairment levels caused by sleep loss. To per-
form a PVT, participants press a button (or tap on a touch screen) 
as quickly as possible immediately after they see a visual stim-
ulus, which repeatedly appears on the screen at random time 
intervals between 1 and 10 seconds, over a typical 5- or 10-minute 
PVT session. In essence, the PVT measures the response time (RT) 
from the presentation of a stimulus to a participant’s response 
to it, and from these measurements, we computed two PVT sta-
tistics: mean RT over the number of responses collected during 
a PVT session and PVT lapses, which indicate the number of RTs 
greater than 500 milliseconds. Note that the larger the values of 
mean RT and PVT lapses, the greater the alertness impairment.

The UMP
Based on the seminal two-process model postulated by Borbély 
[32], we previously developed the UMP to quantitatively predict 
the effect of sleep history, time of day, and caffeine consumption 
on alertness [21–23]. The inputs to the UMP are a sleep–wake 
schedule and a caffeine-consumption schedule (dose and time), 
and the output is the corresponding prediction of the time course 
of the expected alertness impairment P representative of a group 
of individuals:

P0(t) = S(t) + κC(t),� (1)

P(t) = P0(t)× gPD(t, c),� (2)

gPD(t, c) =
ï
1+Mc

ka
ka − kc

{exp[−kc(t− t0)]− exp[−ka(t− t0)]}
ò −1

� (3)

Mc = M0c and kc = k0 exp(−z c)� (4)
where the homeostatic process S represents the need for sleep, 
process C represents the sleep-independent effect of the circa-
dian rhythm on alertness, κ denotes the circadian amplitude, t 
represents time (in hours), and P0 represents the model’s estimate 
of the mean RT statistics (or PVT lapses) in the absence of caf-
feine. In equation (2), gPD represents the caffeine-effect factor at 
time t for caffeine dose c, and in equations (3) and (4), Mc and 
kc denote the amplitude factor and elimination rate, respectively, 
for a caffeine dose c administered at time t0, and M0, k0, z, and ka 
denote the slope of the amplitude factor, basal elimination rate, 
decay constant, and absorption rate, respectively.

In this formulation, we assumed that the entire caffeine dose 
c is consumed at time point t0 and absorbed and cleared by the 
body following a one-compartment pharmacokinetics model, 
and we represented the pharmacodynamics (i.e. the effect of the 
caffeine concentration on alertness) using the Hill equation [33]. 
In the absence of caffeine, gPD = 1.0 and, thus, P = P0. After caffeine 
consumption, gPD decreases (towards a theoretical lower bound 
of 0.0), reaching a minimum after about 45 minutes, and then 
increases again towards 1.0 as the caffeine is cleared by the body, 
reaching 0.95 in about 7.4 hours for a 100-mg dose and 13.7 hours 
for a 300-mg dose. We refer the reader to Priezjev et al. [34] for a 
complete list of equations and parameter values of the UMP.

We have extensively validated the UMP by comparing its pre-
dictions against data collected under various sleep conditions, 
including CSR (3.0 to 5.0 hours of sleep per night for up to 7 days), 
TSD (28.0 to 88.0 hours), combinations of TSD and CSR, daytime 
sleep, and sleep extension. In particular, using a comprehensive 
set of 12 studies, including 22 sleep and caffeine conditions and a 

total of 301 unique participants, we recently showed that 80% of 
the time the UMP predictions were indistinguishable from exper-
imental data (i.e. the predictions fell within the 95% confidence 
interval [CI] of the group-average data) [34]. Notably, for seven 
study conditions that used one or more caffeine doses ranging 
from 100 to 600 mg, 81% of the predictions fell within the 95% 
CI of the data, compared to 79% for the caffeine-free conditions, 
demonstrating that the UMP has a similar accuracy under caf-
feine and caffeine-free conditions [34].

We also extended the UMP to predict sleep latency and sleep 
duration as a function of sleep history and time of day [24], a nec-
essary capability to assess the physiological feasibility of poten-
tial sleep schedules. We have validated these extensions to the 
UMP by comparing their predictions against data collected under 
various sleep conditions spanning the entire circadian cycle and 
different levels of sleep debt. Overall, we used data from 23 stud-
ies (309 participants, mostly healthy adults), achieving average 
prediction errors of 4.0 min for sleep latency and 0.8 hours for 
sleep duration [24].

Optimization algorithm
Previously, we separately developed two algorithms, one to iden-
tify optimal caffeine-dosing strategies [19] and the other to iden-
tify optimal sleep times [20], with the goal of mitigating alertness 
impairment caused by sleep loss. Here, we combined these two 
algorithms to obtain recommendations that simultaneously 
optimize caffeine consumption and sleep schedule to minimize 
alertness impairment during user-specified work periods, while 
reducing impairment during non-work periods (i.e. the time 
an individual is awake but not working) to the greatest extent 
possible.

In this formulation, the algorithm finds the time (tc) and 
amount (Dc) of each caffeine dose c (with c = 1, 2, . . . , C, where 
C denotes the total number of doses) and the start time (ts) and 
duration (Ds) of each sleep period s (with s = 1, 2, . . . , S, where S 
denotes the total number of sleep periods) that minimize alert-
ness impairment during work periods m (with m = 1, 2, . . . , M, 
where M denotes the total number of work periods) and non-
work periods n (with n = 1, 2, . . . , N, where N denotes the total 
number of non-work periods; Figure 1A). To achieve this goal, the 
algorithm iteratively identifies optimal values of ts, Ds, tc, and Dc 
through two sequential steps, as summarized below and illus-
trated in Figure 2. We refer the reader to Vital-Lopez et al. [19, 20] 
for detailed descriptions of the caffeine- and sleep-optimization 
algorithms.

Algorithm inputs
The algorithm requires six inputs: (1) work periods, i.e. the length 
of time when it is desired to sustain peak alertness (Figure 1A); 
(2) sleep window, i.e. the time frame within which the algorithm 
can define sleep periods (Figure 1A); (3) maximum sleep duration 
during each sleep window; (4) work alertness threshold, i.e. the 
desired maximum alertness-impairment level during work peri-
ods (Figure 1B); (5) non-work alertness threshold, i.e. the desired 
maximum alertness-impairment level during non-work periods 
(Figure 1C); and (6) maximum amount of caffeine to be consumed 
in a 24.0-hour period.

For each of the four studies, we set the work alertness threshold 
to 274 milliseconds for PVT mean RT or four lapses for PVT lapses, 
which corresponds to the highest alertness impairment during 
well-rested conditions. We obtained these values by using the UMP 
to predict the time course of alertness for a schedule of 8.0 hours 
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of sleep per night (from 23:00 to 07:00) and computed the high-
est alertness impairment during the wake time. Similarly, we set 
the non-work alertness threshold to 360 milliseconds for mean RT 
or seven lapses, which is equivalent to the alertness impairment 
caused by a blood alcohol concentration (BAC) of 0.06% [35, 36]. 
Studies 1–3 reported results in terms of PVT mean RT. For study 4, 
once we obtained the algorithm’s recommendations, we used the 
UMP to predict alertness impairment in terms of PVT lapses, as 
this was the statistic reported in this study (see Ramakrishnan et 
al. [22] for the UMP parameter values for PVT lapses).

Objective functions
The algorithm uses a different objective function in each of the 
two steps. In step 1, the algorithm minimizes the objective func-
tion Z1, which scores alertness impairment during work periods 
(Table 1, Equation (5)) and has its variables graphically illustrated 
in Figure 1B. Z1 uses two terms to penalize suboptimal solutions 
that result in alertness-impairment levels above the work alert-
ness threshold for each work period m: the area under the UMP-
predicted curve Am and the maximum alertness impairment Im. 

Figure 1.  Definition of nomenclature and parameters used in the optimization algorithm. (A) A sleep schedule is comprised of sleep periods, where 
each sleep period s (dark shaded rectangle) is defined by its start time ts and duration Ds. A sleep window (light shaded rectangle) defines the timespan 
for allocating sleep periods. Wakefulness is composed of work periods and non-work periods, where a non-work period is defined as the time when 
the individual is awake but not working and is indirectly inferred by the algorithm. (B) Quantities used to define the objective function Z1 in Table 1. 
The graph shows the Unified Model of Performance (UMP) predictions for the no-sleep, no-caffeine condition (dashed line) and the current solution 
(solid line), which is indicated by the dark shaded rectangle representing sleep (panel A) and the arrow representing a caffeine dose (panel B). A 
caffeine dose c is defined by the consumption time tc and amount Dc. For the work period m, Am,0 (for the no-sleep, no-caffeine condition) and Am (for 
the current solution) denote the areas under the UMP prediction curves above the user-specified work alertness threshold (horizontal dashed line). Im,0 
(for the no-sleep, no-caffeine condition) and Im (for the current solution) denote the difference between the peak of the UMP predictions and the work 
alertness threshold for work period m. (C) Quantities used to define the objective function Z2 in Table 1. The graph shows the two UMP predictions as 
in panel B. For the non-work period n, An,0 (for the no-sleep, no-caffeine condition) and An (for the current solution) denote the areas under the UMP 
prediction curves above the user-specified non-work alertness threshold (horizontal dashed line). Likewise, In,0 (for the no-sleep, no-caffeine condition) 
and In (for the current solution) denote the differences between the peak of the UMP predictions and the non-work alertness threshold for the non-
work period n. RT: reaction time.
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We computed AW as the sum of Am (m = 1, 2, . . . , M) and IW as 
the largest Im (m = 1, 2, . . . , M) across all M work periods (Table 
1, Equations (7) and (8), respectively), where we normalized AW 
and IW by their corresponding values AW,0 and IW,0 for the no-sleep, 
no-caffeine case (i.e. S = 0 and C = 0). Accordingly, the values for 
the objective function Z1 range from zero (when the predicted 
alertness impairment is below the work alertness threshold for 
each of the M work periods) to 1.0 (when the predicted alertness 
impairment is equal to the one achieved with no sleep and no 
caffeine).

Similarly, in step 2, the algorithm minimizes the objective 
function Z2, which balances alertness impairment during non-
work periods and work periods (Table 1, Equation (6)). Figures 1, 
B and C graphically illustrate the variables used to compute the 
objective function Z2. In addition to the two terms used to define 
Z1, Z2 has two additional terms to penalize suboptimal solutions 
for non-work periods that result in alertness levels above their 
threshold for each non-work period n: the area under the curve 
An and the maximum alertness impairment In. We computed AR 
as the sum of An (n = 1, 2, . . . , N) and IR as the largest In (n = 1, 2, 
. . . , N) across all N non-work periods (Table 1, Equations (9) and 
(10), respectively). We normalized AR and IR by their corresponding 
values AR,0 and IR,0 for the no-sleep, no-caffeine case (i.e. S = 0 and 
C = 0). Accordingly, the values for the objective function Z2 range 
from zero (when the predicted alertness is below the non-work 
alertness threshold for each of the N non-work periods and below 
the work alertness threshold for each of the M work periods) to 
1.0 (when the predicted alertness is equal to the one achieved 
with no sleep and no caffeine).

Constraints
To obtain practical and safe solutions, we imposed the following 
constraints: (1) Dc was restricted to 100, 200, or 300 mg of caf-
feine; (2) the dosing time tc was restricted to occur on the hour, e.g. 
18:00, 22:00, and 24:00; (3) the minimum time between doses was 
2.0 hours; (4) the accumulation of caffeine in the blood, which 
could result in unsafe consumption [37], should be less than the 
maximum level achieved by a single 400-mg dose [38]; (5) Ds must 
be a multiple of 0.5 hours; (6) ts should start on the hour or at the 
half-hour mark, e.g. 23:00 or 23:30; (7) the time lapse between 
sleep periods should be at least 6.0 hours; (8) the time between a 
sleep period and a work period should be at least 2.0 hours; and 
(9) for step 2 only, the average alertness impairment during each 
work period should be no more than 30 milliseconds larger than 
that of the solution obtained in step 1. Previously, we estimated 
the within-participant variability under well-rested conditions to 
be 30 milliseconds, in terms of the PVT mean RT [39].

In addition, for each sleep period s, the potential solutions 
must satisfy two physiological constraints: (1) Ds cannot exceed 
the maximum sleep duration predicted by the sleep-duration 
model and (2) Ds should be at least 1.0 hours, if the sleep latency 
predicted by the sleep-latency model is greater than 15 min. We 
used the latter constraint to avoid scheduling a 30-minute nap 
at a time when an individual would spend most of the sleep 
period trying to fall asleep. Note that when we predict alertness 

Figure 2.  Summary of the two steps of the optimization algorithm used 
to identify caffeine consumption and sleep schedules that minimize 
alertness impairment during work periods, while reducing impairment 
to the greatest extent possible during non-work periods. Throughout 
the algorithm, we used the Unified Model of Performance (UMP) and its 
extensions to predict the time course of alertness and the physiological 
feasibility of each potential sleep schedule. ts and Ds denote the start 
time and duration, respectively, of each sleep period s, while tc and Dc 
denote the time and amount of each caffeine dose c. For a given set 
of six user-provided inputs, the algorithm generates initial guesses for 
these four parameters. In step 1, the algorithm iteratively identifies first 
tc and Dc, and then ts and Ds that minimize alertness impairment during 
work periods, so as to meet a user-specified work alertness threshold, 
while satisfying practical constraints 1–8 and physiological constraints 
1 and 2 (see Methods). In step 2, the algorithm iteratively updates first 
tc and Dc, and then ts and Ds that minimize alertness impairment during 

both work and non-work periods, so as to meet user-specified alertness 
thresholds for work and non-work periods, while satisfying practical 
constraints 1–9 and physiological constraints 1 and 2 (see Methods). The 
algorithm iteratively repeats steps 1 and 2 by adding and re-allocating 
sleep and caffeine until the algorithm identifies a solution that 
achieves the desired alertness-impairment level or until the user-input 
maximum amount of caffeine is reached, whichever comes first.
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impairment corresponding to a given sleep schedule, the pre-
dicted sleep latency is not subtracted from the duration of the 
sleep period because the UMP was developed using TIB as an 
input rather than total sleep time.

Algorithm output
The outputs of the algorithm are the optimal values of ts, Ds, tc, 
and Dc that minimize alertness impairment during work periods, 
while reducing impairment during non-work periods to the great-
est extent possible.

Optimization steps
The algorithm starts the iterations in steps 1 and 2 with an initial 
guess for the no-sleep, no-caffeine condition (i.e. S = 0 and C = 0). 
In the first iteration, the maximum amount of caffeine is set to 
0 mg, and it is increased in subsequent iterations in increments 
of 100 mg until no more caffeine is needed or the user-specified 
maximum amount is reached.

In step 1 of each iteration, the algorithm aims to identify the 
values of ts, Ds, tc, and Dc that minimize alertness impairment 
across the M work periods, as scored by the objective function 
Z1 (Table 1, Equation (5)). To obtain the solution for step 1, first, 

the algorithm uses the UMP to predict the effect on Z1 of possible 
modifications to the current caffeine solution (tc and Dc), while 
keeping the sleep solution (ts and Ds) fixed, and selects the modi-
fication that yields the lowest Z1. Then, with the updated caffeine 
solution, the algorithm uses the UMP to predict the effect (and 
physiological feasibility) of possible modifications to the current 
sleep solution, and selects the modification that yields the lowest 
Z1. (If a sleep period in the modified solution overlaps with a caf-
feine dose, the latter is changed to accommodate the sleep solu-
tion.) The algorithm repeats these inner steps until a maximum 
number of iterations is reached (600 iterations in the examples 
used here) or until there are no more possible modifications that 
improve the current solution. The algorithm assesses 12 possible 
modifications to the caffeine solution (e.g. adding a new caffeine 
dose, adding more caffeine to an existing dose, or changing the 
time of a current dose) and eight to the sleep solution (e.g. adding 
a new sleep period, adding time to an existing sleep period, or 
moving the start time of an existing sleep period). Please refer to 
Vital-Lopez et al. for additional details [19, 20].

Starting with the solution obtained in step 1, in step 2, the 
algorithm aims to identify the values of ts, Ds, tc, and Dc that min-
imize alertness impairment across the M work periods and the N 
non-work periods, as scored by the objective function Z2 (Table 1, 
Equation (6)). As in step 1, the algorithm uses the UMP to predict 
the effect on Z2 of possible modifications to the current caffeine 
solution, while keeping the sleep solution fixed, and selects the 
modification that yields the lowest Z2, while keeping the average 
alertness impairment during each work period within 30 millisec-
onds of the level achieved in step 1 (constraint 9). Then, with the 
updated caffeine solution, the algorithm uses the UMP to predict 
the effect (and physiological feasibility) of possible modifications 
to the current sleep solution, and selects the modification that 
yields the lowest Z2, while satisfying constraint 9. As in step 1, the 
algorithm repeats these inner steps until a maximum number of 
iterations is reached (600 iterations in the examples used here) 
or until there are no more possible modifications that improve 
the current solution. The possible modifications to the current 
caffeine and sleep solutions are the same as those in step 1. The 
algorithm uses the solution obtained in step 2 as the initial guess 
for the next iteration of step 1, and this iterative procedure con-
tinues until the algorithm identifies a solution that achieves the 
desired alertness-impairment level or until the user-specified 
maximum amount of caffeine is reached, whichever comes first. 
In principle, we could have directly identified a solution that min-
imizes alertness impairment across both work and non-work 
periods in step 2 without first solving for step 1. However, such 
an approach could lead to unacceptable work-period solutions, 
which we avoided by first identifying the best solution for the 
work period alone in step 1 and then considering the solution in 
step 2 (i.e. using constraint 9) to be no more than 30 milliseconds 
larger than the work-period solution obtained in step 1.

Alertness-impairment improvement metric
To quantify the benefit achieved by using the optimization 
algorithm, we compared the alertness impairment for the opti-
mal solution and that for the original study (based on the sleep 
schedule used in the study and no caffeine). Specifically, based on 
the optimal solution for each study, we computed the percent-
age reduction of the area under the UMP-predicted alertness-
impairment curve for work and non-work periods, separately, 
and then averaged the two percentages. Similarly, we computed 
the percentage reduction of the maximum alertness impairment 

Table 1.  Optimization Algorithm Objective Functions Used to 
Identify the Best Caffeine Doses and Best Sleep Schedules That 
Minimize Alertness Impairment During Work Periods, While 
Reducing Impairment to the Greatest Extent Possible During 
Non-work Periods

Objective functions

Step 1: min
ts,Ds,tc,Dc

Z1 = 1
2

Ä
AW
AW,0

+ IW
IW,0

ä
(5)

Step 2: min
ts,Ds,tc,Dc

Z2 = 2
3

Ä
AW
AW,0

+ IW
IW,0

ä
+ 1

3

Ä
AR
AR,0

+ IR
IR,0

ä
(6)

where Z1 and Z2 denote the objective functions we wish to minimize 
in each of the two steps of the algorithm; ts and Ds represent, 
respectively, the start time and duration (in hours) of sleep period 
s, with s = 1, 2, . . . , S (the total number of sleep periods); and tc and 
Dc denote, respectively, the dosing time (in hours) and amount 
(in mg) of caffeine dose c, with c = 1, 2, . . . , C (the total number of 
doses). AW, IW, AR, and IR are defined as follows:

AW =
M∑

m=1
Am

(7)

IW = max(Im, m = 1, . . . , M) (8)

AR =
N∑

n=1
An

(9)

IR = max(In, n = 1, . . . , N) (10)

where Am and An denote, respectively, the area under the 
predicted psychomotor vigilance test (PVT) mean response 
time (RT) curve above the alertness threshold for work period 
m, with m = 1, 2, . . . , M (the total number of work periods) and 
non-work period n, with n = 1, 2, . . . , N (the total number of 
non-sleep periods). Im and In denote the difference between the 
peak of the predicted mean RT curve and the threshold for 
work period m and non-work period n, respectively. AW,0 and 
AR,0 denote the total area under the mean RT curve (predicted 
assuming a no-sleep, no-caffeine condition, i.e. assuming S = 0 
and C = 0) above the alertness threshold for the M work periods 
and the N non-work periods, respectively. IW,0 and IR,0 denote 
the largest difference between the peak of the mean RT curve 
(predicted assuming a no-sleep, no-caffeine condition) and the 
alertness threshold across all M work periods and across all N 
non-work periods, respectively. For the study using PVT lapses, 
we obtained these parameters based on the prediction of the 
PVT lapse curves as opposed to the mean RT curves.
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across all work and non-work periods, separately, and then aver-
aged the two percentages. Finally, to obtain the total alertness-
impairment reduction, we averaged the two results. In addition, 
we computed the alertness-impairment reduction achieved by 
the U.S. Army caffeine guidelines for the original study and by the 
algorithm when optimizing sleep alone, with and without the U.S. 
Army caffeine guidelines.

Results
We used the four sleep-deprivation studies described above to 
assess the benefits of simultaneously optimizing sleep and caf-
feine to mitigate alertness impairment. For each study, we used 
the UMP to perform four types of simulations: (1) consider-
ing the study’s sleep schedule, we added caffeine consumption 
according to the U.S. Army caffeine guidelines, as a benchmark 
to compare the optimization algorithm’s sleep and caffeine rec-
ommendations; (2) we used the optimization algorithm to obtain 
the best sleep schedule alone, without caffeine consumption; (3) 
we combined the best sleep schedule obtained in the simulation 
(2) above with the U.S. Army caffeine guidelines; and (4) we used 
the optimization algorithm to simultaneously obtain the best 
sleep schedule as well as the best amount and time of caffeine 
consumption.

For the optimizations, we defined the timing of the work peri-
ods primarily by the design of the original studies. For example, 
for the simulated night-shift work in study 3, we assumed that 
individuals work 8.0 hours a day from 22:00 to 06:00, for each 
of the 5 days of the study. Similarly, we defined three 8.0-hour 
work periods from 00:00 to 08:00 in study 1 and seven 8.0-hour 
work periods from 16:00 to 00:00 in study 2. In study 4, we con-
sidered a special case where the entire awake time is the work 
period, therefore, it does not have non-work periods. In stud-
ies 1–3, we defined the sleep windows based on the timing of 
the work periods, i.e. the sleep windows started 2.0 hours after 
and ended 2.0 hours prior to the work periods (to consider the 
time that it takes an individual to prepare for and commute 
back and forth to work). In study 4, we defined the sleep window 
as the entire study period. In the four studies, we constrained 
the total sleep duration to that of the original schedule in each 
study and constrained the maximum caffeine consumption per 
day to that recommended by the U.S. Army caffeine guidelines. 
For each of the four simulations in each study, we computed 
the predicted alertness-impairment reduction with respect to 
the impairment level sustained in the original study (without 
caffeine).

Accuracy of UMP predictions
The ability of the algorithm to optimize caffeine consumption 
and sleep schedules rests on the UMP’s ability to make accurate 
predictions of alertness impairment. Therefore, first we evaluated 
the model by comparing its alertness predictions with the experi-
mental data of the original study condition. For study 1, Figure 3A 
shows the measured group-average PVT mean RT values (dots) 
and their associated two standard errors of the mean (SEM) dur-
ing wakefulness (dark shaded rectangles indicate sleep), as well 
as the corresponding UMP prediction (solid line). In this study, 74% 
of the model predictions fell within two SEM of the group-average 
data. Similarly, the percentage of predictions that fell within two 
SEM of the group-average data was 82% for study 2 (Figure 4A), 
80% for study 3 (Figure 5A), and 73% for study 4 (Figure 6A), for 

an average of 77% over the four studies. These results indicate 
that the group-average predictions were largely indistinguishable 
from the experimentally measured PVT data and that the UMP 
can be reliably used by the optimization algorithm to predict the 
time course of alertness impairment of potential solutions.

U.S. Army caffeine guidelines to mitigate 
alertness impairment
We assessed the effectiveness of the U.S. Army caffeine guidelines 
[25] as a countermeasure to sleep deprivation in each of the four 
studies. To this end, for each study, we defined the work and non-
work periods and associated alertness thresholds, with a lower 
impairment threshold for work periods, as discussed in Methods. 
Within a study, we used the same work periods in all four simu-
lations. In study 1, we defined three nocturnal work periods from 
00:00 to 08:00 (Figure 3B, dotted lines). For this sustained-operations 
condition, the U.S. Army guidelines recommend a 200-mg dose of 
caffeine at 00:00, 04:00, and 08:00, each night, for a total of 1800 mg 
over the three days of the study (Figure 3B, arrows). Although con-
suming caffeine according to the guidelines did not completely 
bring the predicted alertness impairment (solid lines) to the desired 
levels throughout the duration of the work (dotted lines) or non-
work periods (dashed lines), it did reduce alertness impairment on 
average by 69%, compared to the alertness impairment of the origi-
nal study (Table 2). For study 2, which represented a restricted sleep 
condition, the U.S. Army caffeine guidelines of 200 mg at 08:00 and 
12:00, for each of the seven days of the study for a total of 2800 mg, 
reduced alertness impairment by 28% (Figure 4B). For study 3, 
which represented a night-shift condition, the U.S. Army guide-
lines of 200 mg caffeine at the beginning of each shift at 22:00, for 
each of the 5 days of the study, reduced alertness impairment by 
13% (Figure 5B), whereas for study 4, which represented another 
restricted sleep condition, the guidelines of 200 mg at 06:00 and 
10:00, for each of the last three days of the study, reduced alert-
ness impairment by 45% (Figure 6B). As expected, the use of the 
U.S. Army caffeine guidelines as a countermeasure for sleep loss 
consistently reduced alertness impairment by an average of 39% 
across the four studies (Table 2).

Optimization of sleep recommendations
We assessed the effectiveness of the optimization algorithm to 
find the best times to sleep so as to minimize alertness impair-
ment during work periods, while reducing impairment during 
non-work periods to the greatest extent possible. For study 1 
(Figure 3C), we defined three sleep windows, providing opportu-
nities to sleep from 10:00 to 22:00 each day (light-shaded rectan-
gles), during which the algorithm allocated a total of 8.0 hours 
of sleep across the three sleep windows, the same total sleep 
duration as in the original study. The optimized sleep schedule 
resulted in three naps of 1.5, 3.0, and 3.5 hours (dark-shaded 
rectangles) on days 1, 2, and 3 of the study, respectively, each 
ending at the end of each sleep window at 22:00. When com-
pared to the sleep schedule of the original study (Figure 3A), the 
optimized sleep schedule alone reduced the overall alertness 
impairment (solid line) by only 9% (Table 2). Because of the con-
straint we imposed to simultaneously reduce alertness impair-
ment during both work and non-work periods, allocating sleep 
to reduce impairment during work periods would necessarily 
increase impairment during the non-work periods, and vice 
versa. For similar reasons, the optimized sleep schedules did not 
reduce alertness impairment in studies 2 (0%) and 3 (3%; Table 2, 
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and Figures 4C and 5C, respectively). However, in study 4, by con-
solidating sleep into three nocturnal naps of 4.5–5.0 hours at 
around 01:30, instead of having diurnal naps at times when the 
circadian rhythm boosted alertness, the optimized sleep sched-
ule reduced alertness impairment by 33% (Figure 6C). For the 
four studies, the optimized sleep schedules reduced alertness 
impairment by an average of 11% (Table 2).

Optimization of sleep recommendations with 
caffeine consumption per the U.S. Army caffeine 
guidelines
Our results above suggested that optimizing sleep alone was min-
imally effective and consuming caffeine as recommended by the 
U.S. Army guidelines was moderately effective in reducing alert-
ness impairment (Table 2). Thus, we examined the extent to which 

Figure 3.  Experimental data and simulations for study 1. (A) Group-average values (N = 10) of the experimentally measured mean reaction time (RT) 
for the psychomotor vigilance test (PVT mean RT; dots), associated two standard errors of the mean (vertical lines), and Unified Model of Performance 
(UMP) prediction (solid line) for the original sleep schedule (dark shaded rectangles) in the study. (B) UMP prediction (solid line) for the original sleep 
schedule plus caffeine (three 200-mg doses at 00:00, 04:00, and 08:00 each day; arrows) based on the U.S. Army caffeine guidelines for sustained 
operations. (C) UMP prediction (solid line) for the optimized sleep schedule alone (three naps of 1.5, 3.0, and 3.5 hours, each ending at 22:00; dark 
shaded rectangles). The light shaded rectangles indicate the sleep windows within which sleep was optimized. (D) UMP prediction (solid line) for the 
combination of the optimized sleep schedule in panel C and the U.S. Army caffeine guidelines as in panel B (arrows). (E) UMP prediction (solid line) 
for the simultaneously optimized sleep schedule (three naps of 1.0, 3.5, and 3.5 hours, each ending at 22:00; dark shaded rectangles) and caffeine 
consumption (three 200-mg doses at 01:00, 03:00, and 05:00, each day; arrows). The horizontal dotted lines indicate both the time length and the 
desired alertness threshold during work periods, and the dashed lines indicate the desired alertness threshold during non-work periods (equivalent to 
a blood alcohol concentration of 0.06%). In all simulations, the total amount of sleep was 8.0 hours, and the total amount of caffeine in each of panels 
B, D, and E was 1800 mg. The shaded areas surrounding the UMP predictions (solid lines) in panels B, D, and E represent the 95% confidence intervals 
(CIs) of predicted alertness impairment, which we estimated based on 1000 random realizations. The lower bound of the CIs represents the response 
of a long caffeine half-life in the plasma and a strong caffeine effect on alertness, whereas the upper bound represents a short caffeine half-life and a 
weak caffeine effect on alertness.
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combining the optimized sleep schedules with caffeine consump-
tion as recommended by the guidelines would reduce alertness 
impairment. In study 1 (Figure 3D), the combination reduced alert-
ness impairment by 74% relative to the impairment level sustained 
in the original study, an improvement of 5 percentage points over the 

guidelines with the original sleep schedule (Figure 3B). We observed 
similar improvement trends for the other studies, yielding an aver-
age 46% reduction in alertness impairment across the four studies 
and only a slight improvement of 7 percentage points (39% vs. 46%) 
compared to the U.S. Army caffeine guidelines (Table 2).

Figure 4.  Experimental data and simulations for study 2. (A) Group-average values (N = 12) of the experimentally measured mean reaction time (RT) 
for the psychomotor vigilance test (PVT mean RT; dots), associated two standard errors of the mean (vertical lines), and Unified Model of Performance 
(UMP) prediction (solid line) for the original sleep schedule (dark shaded rectangles) in the study. (B) UMP prediction (solid line) for the original sleep 
schedule plus caffeine (two 200-mg doses at 08:00 and 12:00 each day; arrows) based on the U.S. Army caffeine guidelines for restricted sleep. (C) 
UMP prediction (solid line) for the optimized sleep schedule alone (a 3.0-hour nap for each of the first four days and two naps of 0.5 and 2.5 hours 
for each of the last 3 days). The light shaded rectangles indicate the sleep windows within which sleep was optimized. (D) UMP prediction (solid line) 
for the combination of the optimized sleep schedule in panel C and the U.S. Army caffeine guidelines (one 200-mg dose between 13:30 and 15:00 and 
one 200-mg dose between 17:30 and 19:00, each day; arrows). (E) UMP prediction (solid line) for the simultaneously optimized sleep schedule (one 
3.0-hour nap each night, starting between 03:00 and 04:30) and caffeine consumption (two 100-mg doses before the start of the first work period, one 
300-mg dose before the work period and one 100-mg dose during the work period for days 3 to 7, and one 200-mg dose before the work period and 
two 100-mg doses on the last day; arrows). The horizontal dotted lines indicate both the time length and the desired alertness threshold during work 
periods, and the dashed lines indicate the desired alertness threshold during non-work periods (equivalent to a blood alcohol concentration of 0.06%). 
In all simulations, the total amount of sleep was 21.0 hours, and the total amount of caffeine was 2800 mg in each of panels B and D and 2600 mg 
in panel E (because only 200 mg was recommended in the first day instead of the 400 mg prescribed by the U.S. Army guidelines). The shaded areas 
surrounding the UMP predictions (solid lines) in panels B, D, and E represent the 95% confidence intervals (CIs) of predicted alertness impairment, 
which we estimated based on 1000 random realizations. The lower bound of the CIs represents the response of a long caffeine half-life in the plasma 
and a strong caffeine effect on alertness, whereas the upper bound represents a short caffeine half-life and a weak caffeine effect on alertness.
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Simultaneous optimization of sleep schedule 
and caffeine consumption
Finally, we assessed the potential benefits of the optimization 
algorithm by simultaneously optimizing sleep schedules and caf-
feine consumption. In these simulations, for each study, we used 
the same work periods, sleep windows, and total sleep durations 
as in the sleep-optimization simulations described above and the 

same maximum amount of caffeine per 24-hour period as that 
prescribed by the U.S. Army caffeine guidelines. Accordingly, for 
study 1, we constrained the optimization algorithm to use 600 mg 
of caffeine per day. In this study (Figure 3E), the optimized sleep 
schedule resembled the schedule obtained when sleep was opti-
mized alone, consisting of three naps of 1.0, 3.5, and 3.5 hours (dark 
shaded rectangles) on days 1, 2, and 3 of the study, respectively, 

Figure 5.  Experimental data and simulations for study 3. (A) Group-average values (N = 12) of the experimentally measured mean reaction time (RT) 
for the psychomotor vigilance test (PVT mean RT; dots), associated two standard errors of the mean (vertical lines), and Unified Model of Performance 
(UMP) prediction (solid line) for the original sleep schedule (dark shaded rectangles) in the study. (B) UMP prediction (solid line) for the original sleep 
schedule plus caffeine (one 200-mg dose at 22:00 each day; arrows) based on the U.S. Army caffeine guidelines for night shift. (C) UMP prediction 
(solid line) for the optimized sleep schedule alone (two naps of 2.0 hours at 08:00 and 18:00 for days 2 to 4 and two naps of 1.5 and 2.5 hours at 10:00 
and 17:30, respectively, on day 5). The light shaded rectangles indicate the sleep windows within which sleep was optimized. (D) UMP prediction (solid 
line) for the combination of the optimized sleep schedule in panel C and the U.S. Army caffeine guidelines as in panel B (arrows). (E) UMP prediction 
(solid line) for the simultaneously optimized sleep schedule (two naps of 2.0 hours at 08:00 and 18:00 for days 2 and 3, two naps of 2.0 hours at 08:30 
and 18:00 on day 4, and two naps of 1.5 and 2.5 hours at 08:00 and 17:30, respectively, on day 5) and caffeine consumption (one 200-mg dose at 03:00 
each day; arrows). The horizontal dotted lines indicate both the time length and the desired alertness threshold during work periods, and the dashed 
lines indicate the desired alertness threshold during non-work periods (equivalent to a blood alcohol concentration of 0.06%). In all simulations, the 
total amount of sleep was 16.0 hours, and total amount of caffeine in each of panels B, D, and E was 1000 mg. The shaded areas surrounding the UMP 
predictions (solid lines) in panels B, D, and E represent the 95% confidence intervals (CIs) of predicted alertness impairment, which we estimated 
based on 1000 random realizations. The lower bound of the CIs represents the response of a long caffeine half-life in the plasma and a strong caffeine 
effect on alertness, whereas the upper bound represents a short caffeine half-life and a weak caffeine effect on alertness.
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each ending at the end of each sleep window at 22:00. As in the 
U.S. Army caffeine guidelines, the algorithm recommended three 
caffeine doses of 200 mg each (arrows), but prescribed the doses 
2.0 hours apart (instead of 4.0 hours), starting at 01:00 instead of 
00:00. Simultaneously optimizing sleep and caffeine reduced alert-
ness impairment by 85%, an improvement of 16 percentage points 

as compared to the reduction achieved following the U.S. Army caf-
feine guidelines with the original sleep schedule (Table 2).

For studies 2, 3, and 4, simultaneously optimizing sleep and 
caffeine reduced alertness impairment by 46%, 45%, and 78%, 
respectively, as compared with the impairment level in the origi-
nal studies (Figures 4E, 5E, and 6E, respectively, and Table 2). Thus, 

Figure 6.  Experimental data and simulations for study 4. (A) Group-average values (N = 12) of the experimentally measured lapses for the 
psychomotor vigilance test (PVT lapses; dots), associated two standard errors of the mean (vertical lines), and Unified Model of Performance (UMP) 
prediction (solid line) for the original sleep schedule (dark shaded rectangles) in the study. (B) UMP prediction (solid line) for the original sleep 
schedule plus caffeine (two 200-mg doses at 06:00 and 10:00 each day; arrows) based on the U.S. Army caffeine guidelines for restricted sleep. (C) 
UMP prediction (solid line) for the optimized sleep schedule alone (three naps of 4.5, 4.5, and 5.0 hours starting at 02:00, 01:30, and 01:00, respectively, 
on days 2–4; dark shaded rectangles). The light shaded rectangles indicate the sleep windows within which sleep was optimized. (D) UMP prediction 
(solid line) for the combination of the optimized sleep schedule in panel C and the U.S. Army caffeine guidelines (two 200-mg doses at 07:30 and 11:30 
on day 2 and two 200-mg doses at 07:00 and 11:00 on days 3 and 4; arrows). (E) UMP prediction (solid line) for the simultaneously optimized sleep 
schedule (three naps of 4.5, 4.5, and 5.0 hours starting at 04:30, 03:30, and 02:30, respectively, on days 2–4) and caffeine consumption (two 200-mg 
doses at 00:00 and 02:00 on day 2, one 200-mg and two 100-mg doses at 00:00, 02:00, and 09:00, respectively, on day 3, and one 200-mg and two 100-
mg doses at 00:00, 08:00, and 10:00, respectively, on day 4; arrows). The horizontal dotted lines indicate both the time length and the desired alertness 
threshold during work periods, and the dashed lines indicate the desired alertness threshold during non-work periods (equivalent to a blood alcohol 
concentration of 0.06%). In all simulations, the total amount of sleep was 14.0 hours, and total amount of caffeine in each of panels B, D, and E was 
1200 mg. The shaded areas surrounding the UMP predictions (solid lines) in panels B, D, and E represent the 95% confidence intervals (CIs) of predicted 
alertness impairment, which we estimated based on 1000 random realizations. The lower bound of the CIs represents the response of a long caffeine 
half-life in the plasma and a strong caffeine effect on alertness, whereas the upper bound represents a short caffeine half-life and a weak caffeine 
effect on alertness.
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across the four studies, simultaneous optimization of sleep and 
caffeine reduced alertness impairment on average by 24 percent-
age points beyond the benefits of using the U.S. Army caffeine 
guidelines and 17 percentage points over the combined optimi-
zation of sleep schedule and U.S. Army caffeine guidelines (Table 
2). These results show that, by tailoring sleep timing and caffeine 
consumption to each condition, we can enhance the benefits 
of each of these countermeasures, while using the same total 
amount of sleep and consumed caffeine.

Effectiveness of the optimal recommendations 
for individuals with different caffeine responses
Because there is considerable variability in how individuals 
respond to caffeine, due to both variations in caffeine metabolism 
and its effect on alertness, we sought to investigate the effective-
ness of the group-average optimal caffeine recommendations for 
individuals with different caffeine responses. Starting with the 
time and amount of caffeine recommended by the group-average 
optimization algorithm provided above for each of the four studies, 
we performed 1000 separate simulations for each study by running 
the UMP with modified values of the parameters that determine 
caffeine metabolism (k0 and z) and its effect on alertness (M0) in 
Equation (4). To obtain the modified values, we randomly sampled 
the parameters from normal distributions with means equal to the 
parameters’ group-average values and SDs equal to their stand-
ard errors estimated by fitting the model to experimental data col-
lected in a sleep-loss study involving repeated doses of caffeine of 
different concentrations [23, 40]. Then, we estimated the 95% CI for 
the alertness impairment from the 1000 simulations.

The shaded areas surrounding the average alertness-
impairment predictions (solid lines) in Figures 3–6 (panels B, D, 
and E) show the estimated 95% CIs resulting from the variability 
in individual responses to caffeine. The lower bound represents 
the response to a long caffeine half-life (6.8 hours) in the plasma 
and a strong caffeine effect on alertness, whereas the upper 
bound represents a short caffeine half-life (1.2 hours) and a weak 
caffeine effect on alertness. This wide range of caffeine half-life 
values (1.2 to 6.8 hours) is consistent with the findings of a recent 
systematic review of 141 caffeine studies involving over 4700 
participants, which showed that most individuals metabolize 
caffeine within this range [41], suggesting that our simulations 
captured the observed between-individual variability.

As expected, the lower bound resulted in larger alertness-
impairment reductions than the average response (76% to 90% vs. 
39% to 63%) for each caffeine-dosing strategy in each of the four 
studies (Table 2). In contrast, the upper bound resulted in smaller 
alertness-impairment reductions than the average response (18% 
to 30% vs. 39% to 63%) for each of the four studies.

As in the case of the group-average prediction, for the lower 
bound, the optimized sleep and caffeine schedules were more 
effective in reducing alertness impairment than the U.S. Army 
caffeine guidelines applied to the original sleep schedule or the 
optimized sleep schedule (90% vs. 76% in both cases), with a sim-
ilar pattern for the upper bound (Table 2). For the lower-bound 
solution in study 1, the estimated accumulation of caffeine in the 
plasma exceeded the level reached with a single 400-mg dose for 
an average individual by as much as 50%.

Discussion
Insufficient sleep is a common stressor in the modern 24/7 society 
of industrialized countries and unavoidable in some occupations. 
Recognizing this problem, U.S. agencies, such as the Occupational 

Safety and Health Administration and the Department of the 
Army, have issued guidelines for napping [42] and caffeine con-
sumption [25] to mitigate the effects of insufficient sleep. However, 
by and large, these represent “one-size-fits-all” solutions that may 
not result in the full benefits of such fatigue countermeasures 
for every situation. Here, we developed a “clear-box” algorithm 
to tailor sleep time and caffeine consumption to an individual’s 
situation so as to minimize alertness impairment at the desired 
times of the day for the desired duration. To this end, we com-
bined our previous algorithms for optimizing caffeine consump-
tion [19] and sleep schedule [20] such that the resulting algorithm 
can optimize sleep schedule without caffeine, optimize caffeine 
dosing for a fixed (i.e. given) sleep schedule, or simultaneously 
optimize sleep schedule and caffeine dosing.

As the algorithm leverages the UMP [21, 23, 34] to predict the 
time course of alertness, we first showed that the model ade-
quately predicted the measured alertness-impairment levels of 
the original conditions of each of the four sleep-deprivation stud-
ies. Then, we used the UMP predictions to assess the effective-
ness of the algorithm’s recommendations for sleep schedule and 
caffeine dosing. The results over the four studies showed that, 
although optimizing sleep alone reduced alertness impairment 
during work periods by an average of 25%, the average reduction 
across both work and non-work periods was only 11% (Table 2), 
because allocating fixed sleep resources to mitigate impairment 
at certain times necessarily increased impairment at other 
times, resulting in minor overall alertness improvements.

To alleviate this situation, individuals could consume caffeine. 
However, it is not trivial to determine the optimal caffeine dose 
(time and amount) that results in the desired alertness level at 
the desired times of the day. Moreover, self-administration could 
result in a vicious cycle in which fatigued individuals consume 
excessive amounts of caffeine, leading to sleep disruptions fol-
lowed by subsequent increases in fatigue and caffeine consump-
tion [43]. For example, during deployment to Afghanistan, Service 
members who consumed large amounts of caffeine were more 
likely to fall asleep during briefings and on guard duty [44], and 
the cycle continued after deployment, with one in six Service 
members continuing to consume large amounts of caffeine and 
experience sleep problems and fatigue [45]. Certainly, as a coun-
termeasure to sleep loss, military personnel could follow the U.S. 
Army caffeine guidelines, which provide recommendations for 
three general cases: sustained operations, restricted sleep, and 
night-shift work [25]. Applying these guidelines for each of the 
four studies reduced alertness impairment by an average of 39%, 
an improvement of 28 percentage points over optimizing sleep 
alone, which was further improved by another 7 percentage 
points to 46% when combined with sleep optimization (Table 2).

As expected and supported by our simulations, consuming 
caffeine, even at suboptimal times and amounts, such as those 
recommended by the U.S. Army guidelines, results in meaning-
ful reductions in alertness impairment. Yet, when sleep sched-
ules and caffeine doses are tailored to an individual’s specific 
condition, alertness can be substantially improved. For example, 
in study 1, the U.S. Army guidelines recommended three 200-mg 
caffeine doses for each work period. However, at the time of the 
second dose, the alertness-impairment level was already above 
the work alertness threshold and the third dose was given at the 
end of the work period, reducing impairment during non-work 
periods but not reducing it enough during the most critical work 
periods (Figure 3B). In contrast, the optimization algorithm also 
prescribed three 200-mg caffeine doses for each work period, 
however, they were given at times when the alertness-impairment 
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level had just reached the work alertness threshold, optimizing 
their benefit. In addition, while in the original study, no sleep was 
scheduled before the first work period, the optimization algo-
rithm properly allocated a nap before each work period. Thus, the 
simultaneous optimization of sleep and caffeine resulted in an 
impairment reduction of 85% (vs. 69% for the U.S. Army caffeine 
guidelines with the original sleep schedule).

Overall, across the four studies, the simultaneous optimi-
zation of sleep schedules and caffeine doses exceeded the 
alertness-impairment reductions obtained by following the 
U.S. Army guidelines with the original sleep schedule by 16–33 
percentage points, improvements that may have practical conse-
quences. For example, during work periods, on average, alertness 
impairment following the U.S. Army guidelines was above the 
0.06% BAC threshold in the four studies 21% of the time, whereas 
for the optimized sleep schedules and caffeine doses, the impair-
ment level only crossed this threshold in study 3, corresponding to 
6% of the time across the four studies.

Our results also show that, although combining optimal sleep 
schedules obtained by optimizing sleep alone with the U.S. Army 
caffeine guidelines reduced the overall alertness impairment more 
than the guidelines alone in every study (Table 2), in some cases it 
may produce undesirable consequences. Study 2 is a case in point. 
In this study (Figure 4D), the combined optimized sleep and caffeine 
guideline recommendations reduced alertness impairment during 
the work periods by 84% (vs. 27% for the guidelines alone in Figure 4B), 
however, this benefit came at the cost of increasing impairment dur-
ing non-work periods by 24% as compared to that of the original study 
(vs. a 28% reduction for the guidelines alone). Importantly, this solu-
tion resulted in 37.0 hours during which the impairment level was 
above that caused by a BAC of 0.08%, i.e. 458 milliseconds (vs. 2.0 
hours for the U.S. Army caffeine guidelines alone; Figure 4B). These 
results highlight the limitations of general-purpose guidelines and 
the importance of simultaneously optimizing sleep and caffeine, for 
both work- and non-work periods.

As an additional advantage, the algorithm automatically 
determines the minimum amount of caffeine required to sustain 
a desired alertness level for each specific situation. For example, 
for night shift, the U.S. Army guidelines recommended a single 
200-mg dose at the beginning of each shift. However, in study 3, 
this dose was insufficient, reducing alertness impairment by only 
13% (Table 2 and Figure 5B). In contrast, optimizing the timing 
of the 200-mg dose together with the sleep schedule reduced 
alertness impairment by 45%. However, we could have used the 
algorithm with a higher caffeine constraint to determine the min-
imum amount of caffeine required to sustain alertness impair-
ment at the desired level. In this case, additional simulations 

showed that to achieve the desired alertness level, the algorithm 
recommended 600 mg of caffeine over three or four doses each 
work period, reducing the overall alertness impairment by 95%.

The algorithm uses group-average predictions to provide 
optimal caffeine recommendations. However, there is a large 
between-individual variability in the sensitivity to caffeine, driven 
by genetic factors as well as lifestyle decisions, such as previous 
use of caffeine, smoking, or the use of oral contraceptives [41]. 
Thus, we assessed the extent to which individual differences in 
caffeine metabolism resulted in discrepancies in the model’s pre-
dictions. In our model, the effect of caffeine on alertness initially 
increases as caffeine is absorbed by the body and then decays as 
the caffeine is cleared. For individuals with a slow caffeine metab-
olism (i.e. caffeine half-life of 6.8 hours), the discrepancy in model 
predictions as compared to an average individual reached a max-
imum at around 8 hours after caffeine consumption, whereas for 
individuals with a fast caffeine metabolism (i.e. caffeine half-life of 
1.2 hours), the discrepancy reached a maximum at about 3 hours 
after caffeine consumption. After they peaked, the discrepancies 
decreased and became negligible after reaching values compara-
ble to the within-participant variability of 30 milliseconds in PVT 
mean RT [39], which occurred 16 hours after caffeine consumption 
for a slow caffeine metabolism and 10 hours for a fast caffeine 
metabolism. These model discrepancies influenced the effective-
ness of the algorithm’s recommendations. For example, we found 
that for individuals who metabolize caffeine quickly and where 
caffeine weakly affects their alertness (upper bounds in panels B, 
D, and E in Figures 3–6), the algorithm’s recommendations would 
result in a 33-percentage point smaller alertness-impairment 
reduction than the reduction predicted for an average individual 
(30% vs. 63%, Table 2). In contrast, for individuals who metabolize 
caffeine slowly and where caffeine strongly affects their alertness 
(lower bounds in panels B, D, and E in Figures 3–6), the group-
average recommendations would result in a 27-percentage point 
larger alertness-impairment reduction than for an average individ-
ual (90% vs. 63%, Table 2). Thus, individual variability in response 
to caffeine could considerably alter the effectiveness of the algo-
rithm’s recommendations based on group-average predictions.

In general, the optimization algorithm’s recommendations will 
be no worse than those provided by the U.S. Army caffeine guide-
lines (Table 2) because the recommendations provided by the 
guidelines are part of the solution space explored by the optimi-
zation algorithm. For example, when the U.S. Army guidelines sug-
gest optimal or near-optimal solutions, both approaches yield very 
similar results. This is observed for the lower bound of the 95% CI 
in study 1, which resulted in a 28% alertness-impairment reduc-
tion for the U.S. Army guidelines versus 27% for the optimization 

Table 2.  Alertness-Impairment Reduction Obtained in the Four Types of Simulations, Each Using a Different Strategy to Allocate Sleep 
and Caffeine Countermeasures

Study U.S. Army caffeine guidelines 
(CI*), %

Optimized sleep without 
caffeine, %

Optimized sleep with 
caffeine based on the U.S. 
Army guidelines (CI), %

Optimized sleep and  
caffeine (CI), %

1 69 (28, 94) 9 74 (35, 99) 85 (27, 100)

2 28 (12, 81) 0 30 (10, 65) 46 (23, 80)

3 13 (2, 57) 3 15 (4, 63) 45 (16, 79)

4 45 (30, 73) 33 64 (54, 75) 78 (52, 100)

Average 39 (18, 76) 11 46 (26, 76) 63 (30, 90)

*We computed the 95% confidence interval (CI) based on 1000 random realizations for simulations that involved caffeine with a range of model parameter values. 
The lower bound of the CI represents the response of a long caffeine half-life in the plasma and a strong caffeine effect on alertness, whereas the upper bound 
represents a short half-life and a weak effect on alertness.
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algorithm (Table 2), and for the upper bound in study 2 (81% vs. 
80%). However, the algorithm’s recommendations could be worse 
than the U.S. Army guidelines when the number of potential solu-
tions is very large and we do not allow the algorithm to exhaus-
tively explore all feasible solutions, because for practical reasons 
we wish to obtain an answer in less than 60 seconds. This could be 
the case in complex schedules spanning more than 10 work and 
non-work periods in as many days requiring conservative maxi-
mum alertness-impairment threshold levels during these peri-
ods. In less demanding schedules, even with time constraints, we 
expect that the algorithm’s recommendations will be more effec-
tive than those provided by the U.S. Army caffeine guidelines.

Our work has limitations. First, the algorithm’s recommenda-
tions optimize alertness impairment at the group-average level 
and do not account for individual differences, such as sensitivity to 
sleep deprivation or caffeine, which could considerably alter their 
effectiveness. For example, for individuals who metabolize caf-
feine quickly, the group-average recommendations would result in 
a lower amount of caffeine than necessary to achieve the desired 
alertness-impairment level. In contrast, for individuals who metab-
olize caffeine slowly, the group-average recommendations would 
result in a larger amount of caffeine than necessary and a high 
concentration of caffeine in the plasma. Overuse of caffeine may 
lead to undesirable side effects, such as anxiety, irritability, head-
ache, tachycardia, nausea, and sleep disturbances [46]. This limita-
tion can be lessened by tailoring the UMP to learn an individual’s 
trait-like response to sleep loss and providing personalized caffeine 
recommendations [13, 47, 48]. In fact, in a recent prospective TSD 
study, we demonstrated the capability to provide personalized caf-
feine recommendations in real time that allowed individuals to 
reach a pre-specified alertness level 80% of the time, regardless of 
their phenotypical response to sleep loss or caffeine [13].

Second, the optimization algorithm provides sleep and caf-
feine recommendations that minimize alertness impairment as 
measured by reaction times using the PVT. However, these recom-
mendations may not be necessarily optimal for other cognitive 
functions, such as executive functions. Moreover, performance 
on different tasks may not necessarily monotonically improve 
with an increase in arousal resulting from a larger consump-
tion of caffeine because, after an initial improvement, perfor-
mance can potentially deteriorate with higher levels of arousal 
[49]. Thus, caffeine-dosing strategies that induce high levels of 
arousal, by prescribing large amounts of caffeine in short periods 
of time, may be detrimental to cognitive performance. The opti-
mization algorithm partially mitigates this limitation by identi-
fying caffeine-dosing strategies that recommend the minimum 
amount possible of caffeine required to achieve the desired alert-
ness target. In addition, users can limit the amount of caffeine 
consumption by setting (in the algorithm) the maximum amount 
of caffeine to be recommended per day, which would reduce or 
eliminate the likelihood of detrimental effects. Nevertheless, 
under sleep-loss conditions, which is the intended use of the 
algorithm, the achieved arousal levels are expected to be in a 
range that is beneficial to reduce alertness impairment.

Third, to obtain “optimal” solutions in a reasonable amount 
of time, the optimization algorithm only samples a fraction of 
all possible combinations of sleep and caffeine schedules, which 
may lead to near-optimal solutions. For example, in study 2, the 
algorithm did not sample a solution that would have generated 
two caffeine doses on day 8, as in the previous days of the study 
(Figure 4E). However, the three caffeine doses identified by the algo-
rithm for day 8 and the two caffeine doses on the six previous days 
resulted in the same total amount of caffeine per day (400 mg), and 

the two solutions (of two or three doses on day 8) yielded reduc-
tions in alertness impairment that differed by only 0.3%.

Fourth, the underlying UMP and its extensions to predict sleep 
latency and sleep duration are based on data from young, healthy 
adults. We do not know whether the model’s predictions would 
apply to older populations or populations with sleep disorders. 
Finally, only study 2 included female participants (eight vs. four 
male participants). Thus, the conclusions derived from studies 1, 
3, and 4 apply to men only. However, because we developed the 
underlying model used by the optimization algorithm based on 
more than 31 studies, of which 20 included a total of 270 female 
participants (vs. a total of 553 male participants), we believe that 
our results are likely valid for women, as well.

In summary, here we present the first computational algorithm 
to simultaneously optimize sleep schedule and caffeine con-
sumption so as to maximize alertness during work and non-work 
hours. Complementing other fatigue-management tools, such as 
the publicly available 2B-Alert Web [11], this unique capability will 
be helpful for occupations where insufficient sleep is unavoidable 
by maximizing the benefits of limited sleep opportunities and the 
strategic use of caffeine stimulants.
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