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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 Uni ed 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% con dence intervals (Cls) of predicted alertness impairment, which we estimated
based on 1000 random realizations. The lower bound of the Cls 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.

Simultaneous optimization of sleep schedule
and caffeine consumption

Finally, we assessed the potential bene ts 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,
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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 Uni ed 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% con dence intervals (Cls) of predicted
alertness impairment, which we estimated based on 1000 random realizations. The lower bound of the Cls 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.

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,
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