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Abstract

During a disabled submarine (DISSUB) scenario, crew members must refer to the Disabled
Submarine Survival Guide (also referred to as the DISSUB Guard Book) in order to determine
appropriate procedures for survival, including the calculations for how long the crew can safely
stay aboard the submarine before an escape is necessary. Because failure to accurately determine
the necessary escape time could potentially cost the lives of the entire crew, it is a major cause of
concern that the calculations can be extremely difficult to complete. In an attempt to address this
issue, the method by which the calculations are completed has been revised in a new 2020 edition
of the Guard Book. In the present study, thirty-four subjects were recruited to complete both the
older (2006) and the revised (2020) versions of the Guard Book carbon dioxide and oxygen escape
time calculations. The results showed that there was no significant difference in accuracy between
the two Guard Book versions (X?(1, N = 34) = 0.08, p = 0.78). 38.24% of participants reached the
correct escape time for both carbon dioxide and oxygen on the 2006 version and 41.18% of
participants reached the correct escape time for both carbon dioxide and oxygen on the 2020
version. Moreover, participants were significantly faster when completing the 2006 version than
the 2020 version (t(33) = 5.18, p <0.001) and 50% of participants preferred the 2006 version over
the 2020 version. While the 2020 method does not reduce the number of errors made relative to
the 2006 method, the types of errors that were made were very different. On the 2006 version of
the calculations, the two most common errors were mathematical and instructional errors. On the
2020 version, nearly all of the mathematical and instructional errors were resolved, but errors such
as rounding on lookup tables and time conversion errors emerged. We provide recommendations
for how future Guard Book iterations can reduce these errors, thereby increasing the chances of
survival for crew members in a DISSUB scenario.
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Introduction

In the unlikely event that a submarine becomes disabled, survivors may need to conduct
an escape if the conditions aboard the boat deteriorate to a point that would not support human
life. In order to make the critical decision of when to initiate an escape, crew members should
refer to the Disabled Submarine (DISSUB) Survival Guide (also referred to as the DISSUB
Guard Book), which contains all of the necessary steps and procedures for how to survive,
escape, and be rescued from a disabled submarine, including calculations for determining carbon
dioxide (COz) and oxygen (O>) escape times. While multiple factors such as pressure, depth, and
the presence of toxic gasses will influence escape time decisions, two of the largest threats are
expected to be the accumulation of carbon dioxide and the depletion of oxygen in the submarine
atmosphere (Horn, Benton, Hughes, Demers, Jankosky, Woodson, Lunney, Wagner, et al.,
2009).

Unfortunately, the Guard Book calculations for determining carbon dioxide and oxygen
escape times are not trivial. In addition to the current carbon dioxide and oxygen levels,
survivors must consider factors such as the number of survivors fit and unfit* to escape, the
percent of the compartment that is flooded, the number of carbon dioxide and oxygen
countermeasures that are available, and more (NAVSEA, 2013b). The use of so many
interrelated factors results in a complex series of steps that the user must follow in order to reach
a final escape time. These steps often include long equations involving arithmetic such as
addition, subtraction, multiplication, and division (requiring order of operations) that can easily
result in errors (see Figure 1 for sample calculations from the 2006 Guard Book).

Waiting time after ExtendAir® LiOH used:
J = {[D x 0.06] - [(CO,x C) / 100] - [G x 0.85]}
[SURV X 0.85]

Figure 1. Sample equation from the 2006 Guard Book escape time calculations.

A second factor that adds further urgency to the need for simple calculation procedures is
that crew members will likely face a number of stressors that could impair their ability to think
clearly (Chabal, Bohnenkamper, Reinhart, & Quatroche, 2019). Stressors likely to impair
cognition in a DISSUB scenario include increased temperature, toxic gasses, increased pressure,
decreased oxygen levels, etc. (Behnke, Thomson, & Motley, 1935; Chabal, Bohnenkamper,
Moslener, & Casper, 2020; Fowler, Prlic, & Brabant, 1994; Francis et al., 2002; Mendl, 1999;
NAVSEA, 2013a; Review of Submarine Escape Action Levels for Selected Chemicals, 2002;
Taylor, Watkins, Marshall, Dascombe, & Foster, 2016).

Recent revisions to the Guard Book, to be published in 2020, replace the long,
complicated equations that were seen in the 2006 version of the Guard Book with look-up tables
and simple addition and subtraction (see Figure 2 for a sample calculation box from a 2018 draft
of the 2020 Guard Book). In theory, the elimination of complicated mathematical problems
would be beneficial to crew members attempting to complete the escape time calculations during
a DISSUB scenario because mathematical processing is likely to deteriorate while a person is
under stress. This is especially true when the math being performed requires high working

L A fit survivor is defined as someone who is capable of conducting an escape from the
submarine. In general, this means that they should have use of both arms and at least one leg.
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memory demands and is practiced infrequently, as in the 2006 Guard Book calculations
(Beilock, Kulp, Holt, & Carr, 2004). The replacement of complicated mathematical problems
with lookup tables and simple addition and subtraction in the 2020 Guard Book should result in
performance that is less likely to deteriorate under stress, which should therefore lead to an
improvement in accuracy on the calculations. However, performance on this new Guard Book
has yet to be tested. Testing of the new Guard Book is critical to verify that mathematical errors
are indeed reduced and to ensure that additional errors are not introduced by the change in
format.

CALCULATION BOX #1

Table 3 value:
[From Step 3]

Table 4 value: -
[From Step 4]

CALC Box #1 result: =

(Record this result in Calculation Box
#2 as the CALC Box #1 result’.)

CALCULATION BOX #2

CALC Box #1 result:
[From Step 6]

Table 5 value: +
[From Step 7]

CALC Box #2 result: =

(Record this result above Table 6 as
described by step 9.)

Figure 2: Sample calculation box from a draft (2018) of the 2020 Guard Book escape time
calculations.

In order to simplify calculations, three major elements were changed in the 2020 Guard
Book. First, complicated mathematical equations were replaced by look-up tables. While
searching for values on a look-up table may seem like a simple task, it can become difficult if the
value that the user is searching for does not appear on the table. Most of the values on the axes of
the lookup tables are in multiples of either five or ten; if the value that the user is searching for is
not a multiple of five or ten, they must round either up or down to reach a value that is on the
table. The general rule for rounding is that the user should round in the more conservative
direction (e.g., the number of survivors should be rounded up to account for a more conservative
estimate of oxygen depletion, but the number of chlorate candles should be rounded down to
account for a more conservative estimate of the available countermeasures). As a consequence,
the direction of rounding changes with each look-up table, creating a potential for the user to
round in the wrong direction and use an incorrect value.

The second element introduced in the 2020 Guard Book escape time calculations is the
requirement for users to convert the number of hours until escape to an exact “start escape time”
for carbon dioxide and oxygen; then the user must circle the earlier of the two escape times.
These additional steps create the potential for time conversion errors. The 2006 Guard Book
calculations do not contain these steps and only require calculation of the number of hours until
escape for both carbon dioxide and oxygen.

Finally, the instructions in the 2020 Guard Book are much more detailed than the 2006
Guard Book. More detailed instructions are often beneficial, but they also create the potential for

2



important instructions (e.g., which direction to round on look-up tables or how to complete time
conversions) to get lost if the user is distracted with other information.

With these changes, it is unknown whether the revisions in the 2020 Guard Book result in
more accurate escape time calculations relative to the 2006 Guard Book. In the present study, we
therefore compare performance on the old and revised Guard Book versions. We also
characterize performance in order to identify where errors are being made. We make
recommendations to improve the escape time calculation procedures, in order to maximize
survival during a DISSUB event.

Methods
Participants

Thirty-six adults (18 females) between the ages of 20-57 (mean age = 34.82 years, SD =
10.48 years) were recruited through word-of-mouth to participate in the two-part study.
Minimum sample size was determined using G*Power (Erdfelder, Faul, & Buchner, 1996) for
two-tailed t-tests (matched samples) with an assumed medium effect size f of 0.5 and an alpha
level of 0.05.

Subjects included seven active duty military, four former military, and 23 civilians. Of
the 11 active duty military and former military participants, three were submarine qualified. One
civilian participant had previously completed the Submarine Senior Survivor course.?
Participants were highly educated, with 22 participants holding a bachelor’s degree or higher.
There were no exclusionary criteria and participants were not compensated for their time.

Materials

Guard Book calculations. Participants were tested on the carbon dioxide and oxygen
escape time calculations from the older version and the revised version of the Forward
Compartment SSN 774 Class Guard Book. Participants were given a calculation packet from the
2006 Guard Book and from a 2018 draft of the 2020 Guard Book (revisions to the Guard Book
were not fully complete at the time of this study).®

For the purpose of this study, only the pages that were necessary for the calculations were
included in the calculation packets. For example, in the 2006 version of the Guard Book, the
calculations require the use of Cards 3A and 10A-E but not the cards in between; therefore, the
unnecessary cards were excluded from the calculation packet. The 2006 calculation packet
consisted of six pages and the 2020 calculation consisted of 19 pages.

Participants were given values for each of the variables that were required to complete
the calculations (e.g., number of survivors, carbon dioxide and oxygen levels, number of lithium
hydroxide curtains, etc.). The values provided remained consistent for every participant and were
the same in each calculation packet.

See Appendices A and B for the full calculation packets provided to participants.

Subjective ratings. Following completion of the second set of Guard Book calculations,
participants completed a post-study comparison sheet where they provided feedback on which

2 Users who have taken the Submarine Senior Survivor course will have had previous experience
completing the Guard Book escape time calculations.

3 For descriptive purposes, we refer to the newest Guard Book packet used in the present study as
the 2020 Guard Book. We will note where differences between the 2018 Guard Book draft and
the final version of the 2020 Guard Book emerge.

3



method they felt was easier to complete, which method they felt was faster to complete, and
which method they preferred overall.

Demographic information. Participants provided their gender, date of birth, education
level, military experience, whether or not the participant was submarine qualified, and whether
or not the participant had ever taken the Submarine Senior Survivor course. There were no
significant effects of participant demographics on any of the measured metrics, therefore
demographic information will not be discussed further.

Procedure

Data collection for each participant occurred during two separate sessions scheduled
seven or more days apart. During each testing session, participants completed either the 2006
version or the 2020 version of the DISSUB Guard Book escape time calculations; order of
testing was counterbalanced across participants and participants were blind to which version they
were completing.

During each of the two testing sessions, participants sat in a quiet room with a standard
calculator, a pen or pencil, and the assigned calculation packet. Participants were briefed as
follows: “You are in a disabled submarine scenario and these are the calculations that you need
to complete in order to determine what time you need to begin initiating an escape so that you
are able to get your entire crew out of the submarine before the atmosphere becomes unsafe to
breathe.” Participants were instructed to take as much time as they needed to complete the
calculations and to let the researcher know when they finished. Timing began when the
participant started to read the first page of the packet and stopped when the participant indicated
to the researcher that they were finished. Once the participant was finished, the researcher
recorded the time taken to complete the calculations. Following the second session, participants
completed the post-study comparison sheet.

Design

This study was designed as a two way, within-subjects experiment with Guard Book
version (2006 vs. 2020) as the independent variable. Dependent variables were time (minutes,
seconds) to complete the calculations, accuracy of the calculations, and subjective preference of
the Guard Book version.

The types of errors that participants made were also categorized and counted. Errors were
classified into seven types: instructional (following the instructions incorrectly), mathematical
(incorrectly completing arithmetic or equations), table reading (reading the numbers on one or
more table incorrectly), table rounding (rounding in the wrong direction on one or more of the
table axes), transcription (incorrectly transferring numbers from one page to the next), time
conversion (incorrectly converting the number of hours to escape to an exact date and time that
an escape needs to be initiated), and other. If a participant committed more than one type of
error, both types were counted, but each type of error was only counted one time per participant.
For example, if a participant rounded incorrectly on two different tables in the revised version of
the calculations, only one rounding error was counted; if a participant rounded incorrectly and
also converted time incorrectly, both a rounding error and a time conversion error were counted.



Results
Analyses were conducted in order to determine which version of the DISSUB Guard
Book escape time calculations was more accurate, which was faster to complete, and which was
preferred by participants.

Accuracy

Accuracy was calculated in two ways: absolute accuracy required that participants
reached the exact escape time with no margin for error; target accuracy required that participants
responded within 30 minutes of the correct escape time.* Although the two versions used the
same starting values for each variable, the final answers were slightly different between the 2006
and 2020 calculations due to calculation and rounding differences. The correct start escape time
for each version was determined based on the answer reached when every step of that calculation
packet was completed correctly. For both absolute and target analyses, accuracy was compared
between the two Guard Book versions using McNemar’s tests. Accuracy was considered both
individually for CO. and O3, and as an overall composite (overall accuracy required that
participants reached the correct answer on both the O, and CO- calculations). See Figure 3 for all
accuracy performance metrics.

Performance Accuracy

2006 2020 2006 2020 2006 2020

~]
(=}

=)
(=]

wn
(=]
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(=]
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% of Participants
(O3]
S

B Absolute Accuracy

[y}
(=]

—_
=

o

Carbon Dioxide Oxygen Overall

Figure 3. Performance on the 2006 and 2020 escape time calculations. Percent of participants
with correct responses on carbon dioxide, oxygen, and overall escape time calculations. Absolute
accuracy (blue) represents responses that matched the correct start escape time answer; target
accuracy (orange) represents responses that fall within +/- 30 minutes of the correct answer.

4 Thirty minutes was chosen after consulting a DISSUB subject matter expert. With the rate at
which crew members are able to escape from the submarine (two members every 15 minutes), a
30-minute buffer would still allow enough time for all crew members to escape before the carbon
dioxide or oxygen levels become unsafe (A. Quatroche, personal communication, December 3,
2019).



COg2 calculations. There was no significant difference in absolute accuracy between the
2006 and the 2020 version of the Guard Book carbon dioxide escape time calculations (X?(1, N =
34) =0.08, p =0.78, ¢ = 0.05). 52.94% of participants reached the correct carbon dioxide escape
time on the 2006 version and 58.82% of participants reached the correct carbon dioxide escape
time on the 2020 version.

Target accuracy did not differ between versions (X?(1, N = 34) =0.07, p = 0.79, ¢ =
0.05), with 58.82% and 61.76% reaching the correct carbon dioxide escape time on the 2006 and
the 2020 versions, respectively.

O:2 calculations. There was no significant difference in absolute accuracy between the
2006 and the 2020 version of the Guard Book oxygen escape time calculations (X3(1, N = 34) =
0.08, p =0.78, ¢ = 0.05). 50.00% of participants reached the correct oxygen escape time on the
2006 version and 55.88% of participants reached the correct oxygen escape time on the 2020
version.

Similarly, target accuracy did not differ between versions (X?(1, N = 34) = 0.07, p = 0.80,
¢ = 0.05), with 58.82% reaching the correct oxygen escape time on the 2006 version and 55.88%
reaching the correct oxygen escape time on the 2020 version.

Overall accuracy. Due to the two-part nature of the calculations, it was possible for
participants to reach the correct escape time for carbon dioxide but not oxygen, or vice versa.
Therefore, a count of overall accuracy was calculated by including participants who responded
correctly to both the CO- and the O, escape time calculations; no partial credit was given.®

There was no significant difference in overall absolute accuracy (X?(1, N = 34) = 0.08, p
=0.78, ¢ = 0.05; 2006 accuracy: 38.24%, 2020 accuracy: 41.18%) or overall target accuracy
(X?(1, N = 34) = 0.07, p = 0.80, ¢ = 0.05; 2006 accuracy: 47.06%, 2020 accuracy: 44.12%)
between the two versions.

In order to determine whether either Guard Book version resulted in escape time
calculations that were “closer” to the correct response, a magnitude of difference variable was
computed by subtracting participants’ escape time response from the correct escape time
response. Participants” answers were incorrect by 0 — 574,942.50 hours on the 2006 version and
by 0 — 123.58 hours on the 2020 version of the calculations. As the number of hours until escape
would not normally exceed 168 hours during a true DISSUB scenario with a full crew (A.
Quatroche, personal communication, August 12, 2020), the range of responses on the 2006
version was un-realistically high. Some of the participants whose answers were extremely far
from the correct answer expressed to the researchers that they knew their answer was incorrect,
but they were not sure where they went wrong or how to fix it. Fortunately, the inclusion of
lookup tables, whose largest value was 300 hours, eliminated these high-magnitude errors in the
2020 Guard Book.

Error types. Errors for each of the two sets of Guard Book calculations were counted
and classified into one of seven categories. Even though participants committed similar numbers
of errors in the two versions, the types of errors committed in the two versions were very
different.

> The revised version has an extra step where participants must circle the earlier escape time
between oxygen and carbon dioxide; this step was not included in the scoring process in order to
maintain consistency between the two versions.



On the 2006 version, the two most common errors were mathematical and instructional
errors. Mathematical errors most often involved solving long arithmetic; as each equation
involves multiple facets, even a small mistake can lead to an incorrect answer. Instructional
errors included mistakes such as using the wrong variable in an equation (e.g., both chlorate
candles and lithium hydroxide (LiOH) canisters are recorded in “CANS,” so some participants
may have confused which variable to use) or converting values to different units when it was not
necessary (e.g., a note reads: “[r]ead depth pressure at TD-510-GA-38 and convert to fsw
(fsw=press/0.44)”; participants who did not realize that the pressure was already provided in fsw
often completed the conversion, resulting in an incorrect answer to one or multiple equations).

On the 2020 version of the escape time calculations, nearly all of the mathematical and
instructional errors were resolved, but new error types emerged. The most common errors were
rounding on the lookup tables and time conversion. Rounding errors occurred because the lookup
tables require participants to round the actual values they were working with to multiples of five
or ten (e.g., if there are 62 survivors fit to escape, the user would have to round up to 65 in order
to reach a value on the lookup table). Rounding rules on the lookup tables are constructed to be
as conservative as possible (e.g., users round up for the number of survivors and down for the
number of LiOH canisters). As a result, the rounding rules on each table are not always
consistent, and participants would often round in the wrong direction. Time conversion errors
occurred when participants had to take the number of hours until escape and the current date and
time, and use that information to calculate the exact date and time of escape (e.qg., if the current
date and time is May 15 at 1300 and the user determines that they have to escape in 105 hours,
he/she would have to calculate that the escape needs to be initiated on May 19 at 2200). See
Table 1 for the number of times each error was counted in the 2006 and the 2020 version of the
Guard Book escape time calculations.

Table 1

Classification of errors in the 2006 and 2020 Guard Book escape time calculations.
Error Type 2006 2020
Instructional 10 0
Mathematical 22 1
Table Reading 1 4
Table Rounding 0 11
Transcription 0 2
Time Conversion N/A 11
Other 0 2

Calculation Time

As shown in Figure 4, participants were significantly faster at completing the 2006
version than the 2020 version of the calculations. Subjects took an average of 28.41 minutes (SE
= 1.52) to complete the 2006 version of the calculations and an average of 37.65 minutes (SE =
2.37) to complete the 2020 version (t(33) = 5.18, p < 0.001, d = 1.26). Only six participants
completed both the 2006 and the 2020 versions correctly, providing insufficient data for the
computation of inferential statistics for overall accuracy. All response time statistical
comparisons include all participants, regardless of accuracy.
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Figure 4. Completion time. Completion time (in minutes) for the 2006 version (left) and the 2020
version (right) of the Guard Book escape time calculations. Error bars represent standard error of

the mean.

Preference
As seen in Figure 5, 55.90% of participants felt that the 2006 version was easier to

complete (p = 0.61), 70.60% felt that the 2006 version was faster to complete (p = .02), and 50%
of participants preferred the 2006 version overall (p = 1). Most participants (34/36) indicated that
the version they felt was easier to complete was also the version that they preferred overall. Two
participants preferred the 2020 version in spite of believing that the 2006 version of the
calculations was easier to complete. These participants explained that, while they had an easier
time completing the 2006 calculations, they thought that the 2020 calculations would result in a
more accurate escape time and they were more confident in their answers.
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Figure 5. Participant response to post-study comparison sheet. The post-study comparison sheet
was completed immediately after participants were finished with the second testing session.
Participants were blind to which method was the older version and which method was the
revised version.

Discussion

Despite recent revisions intended to make escape time calculations more accurate and
easier to complete in the event of a disabled submarine, no differences in escape time accuracy
were observed between the 2006 and the 2020 versions of the DISSUB Guard Book. Not only
does accuracy remain low across both versions, but the newest escape time calculations actually
result in slower response times and most participants felt that it was more difficult when
compared to the 2006 version. Nevertheless, in spite of these deficiencies, revisions included in
the 2020 Guard Book do eliminate the pervasive mathematical errors observed in earlier
versions. The introduction of new error types (rounding and time conversion) is likely easily
mitigated, and our recommendations for improvements to future Guard Book iterations are
provided below.

Eliminating Guard Book Errors

Only approximately half of the participants in the present study were able to arrive at the
correct escape time determination, despite performing the calculations under unrealistically
stress-free conditions (Chabal et al., 2019). When confronted with a life-or-death, stressful
environment, it is likely that this success rate would be much lower. Unfortunately, this implies
that the crew of a submarine experiencing a DISSUB event would have about a 50/50 chance of
correctly making the decision that supports their survival. The importance of simplifying the
Guard Book procedures in order to decrease this error rate cannot be overstated.

In the present (2020) iteration of the Guard Book escape time calculations, a successful
effort was made to eliminate complicated mathematical equations and reduce errors attributed to
arithmetic miscalculations by over 95% when compared to the 2006 Guard Book. Unfortunately,
however, while these changes result in reductions to mathematical and instructional errors, errors
in rounding and time conversion were introduced. If these errors can be mitigated by modifying
the layout of the escape time calculation cards, the Guard Book success rate is expected to be
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much higher. In the current sample, the elimination of rounding and time conversion errors
would have resulted in a successful completion rate of 73.53% on the 2020 Guard Book
calculations.

Rounding errors in the 2020 Guard Book are most likely caused by two factors: 1. the
direction of rounding (i.e., whether a value should be rounded up or down) is not consistent
between tables; and 2. the instructions for each table are incredibly wordy, leading to participants
overlooking the correct rounding direction. In an updated draft of the 2020 Guard Book sent to
NSMRL after this study was completed, an arrow has been added to the axis of each table to
indicate which direction to round in (see Figure 6). This addition will likely eliminate most of the
errors that were due to rounding in the wrong direction on the lookup tables. Further research is
required to test this.

TABLE 5 (Section 1)
Table 2 valus: (From Step 2, Use for Table 5 top row axis. Round to the next higher axis value if Table 2 value is in between below axis values.)

Round Conservatively
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Figure 6. Sample look-up table from a draft (2019) of the 2020 Guard Book. The arrows along
each axis were not included in the 2018 draft that was used in the present study.

The second most common error on the 2020 version of the calculations occurred in the
final steps where participants were asked to convert the number of hours until escape to an exact
date and time that an escape needs to be initiated. Errors during this final step would likely be
reduced with the inclusion of a simple formula or set of instructions walking participants through
the conversion (e.g., see Figure 7), though further research is required to test this. Additionally,
in the present version of the 2020 Guard Book, users are required to convert the number of hours
until escape to an exact start escape time for both carbon dioxide and oxygen, then they must
circle the earlier start escape time. In order to reduce the total amount of time it takes to complete
the calculations and to reduce potential errors, the calculations could be adjusted so that the user
first circles the shorter number of hours (oxygen or carbon dioxide) and then converts those
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hours to an exact start escape time. This way, the user must only complete a single time

conversion.

L. Enter the time and date (from Table 1)

- F’.‘

Time (24hr) DD - MM/ YY

2. Enter total number of hours until escape (Table 6

Hours = Total hours (T) — Step 5 value

value) T= (total hours)
3. Divide total number of hours by 24 T:o4=
4. Number of days until escape:
Value from Step 3 rounded DOWN to the nearest DAYS =
whole number
5 iply s of days (¢ 4 72 4
5. Multiply number of days (Step 4 value) by 24 Days * 24 =
6. Number of hours until escape:
HOURS =

blanks in the statement below:

You must start to escape in

11

Step 4 value

7. Transfer the number of DAYS (Step 4 value) and HOURS (Step 6 value) to their respective

DAYS and HOURS.

Step 6 value

8. Circle the time (from Step 1) in the grey section of the number line below (exclude the
minute’s value; e.g.. if the time is 0742, circle 0700).

9. Draw a horizontal line to the right of your circled time that spans the number of HOURS
recorded in Step 6. Then, circle the time at the end of your line.




0000/0100/02000300|0400|0500/0600/0700/0800/0900]1000|1100|1200|1300|1400/1500(1600 —»
17'00|1800|1900|2000|1200|2200|2300IOOOO 0100/0200]0300/0400]0500/0600/0700/0800/0900 —»

1000/1100/1200/1300[1400[1500[1600[1700]1800]1900/2000|2100]|2200|2300

10. Add the minute’s value from Step 1 to the time you circled at the END of your line and

record the final time here:

Does your line cross the red bar?

YES / \ NO

Escape Time = Step 10 value Escape Time = Step 10 value
Escape Date = Current date + Eseape Date = Current date +
DAYS (Step 4 value) + 1 DAYS (Step 4 value)

CO; Start Escape Time: : - /

Time (24hr) DD - MM/ YY

NOTE: Pay attention to the current month and whether or not adding DAY S to the current date
will lead you to a new month.

Months with 31 Days  Months with 30 Days  Months with 28 Days

January (01) April (04) February (02) *
March (03) June (06)

May (05) September (09)

Tuly (07) November (11)

August (08)

October (10)
December (12)

*Ifitis a Leap Year, there will be 29 days in February
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Figure 7. Example of time conversion instructions. The inclusion of these instructions could
direct users on how to convert the number of hours until escape to an exact Start Escape Time.

Testing of Future Guard Book Iterations

As noted above, testing is required to ensure that any future changes to the Guard Book
(such as those implemented to reduce rounding or time conversion errors) successfully increase
performance and do not inadvertently introduce new types of errors. As in the current study,
future studies should consider not only accuracy and response time, but also the prevalence of
different error types so that appropriate recommendations can be made. It would also likely be
helpful to include a measure of participants’ confidence in their responses, and to allow
participants to make open-ended recommendations for improvements.

Assessments of new/ future Guard Book versions should also include all calculations that
are required of survivors. Although the present study included only CO- and O calculations (in
order to allow for direct comparison with the 2006 version), the 2020 Guard Book also includes
a start escape time calculation based on pressure. It is unknown whether performance on this
calculation is sufficiently high to promote survival.

Once new versions of the Guard Book are tested under calm, laboratory conditions, it is
crucial that they are also assessed under the stressful conditions likely to be present during a
DISSUB event. Many of the stressors expected to be present during a DISSUB (e.g., increased
temperature, decreased oxygen, increased carbon dioxide, fatigue; Chabal et al., 2019) have
known effects on cognition (Chabal et al., 2020; Chapman, Stray-Gundersen, & Levine, 1998;
Drummond et al., 1999; Gaoua, Racinais, Grantham, & EI Massioui, 2011; Sayers, Smith,
Holland, & Keatinge, 1987); therefore, the presence of these stressors would likely cause a
decrease in performance. Testing under DISSUB-like conditions is also important because some
cognitive processes are more sensitive to stressors and may be more likely to be degraded during
a DISSUB scenario. For example, mathematical processing is negatively impacted by stress and
anxiety, especially when the math problems are complex and require high levels of working
memory (Beilock et al., 2004). Specifically, math that involves multiple subsystems (as seen in
the 2006 Guard Book calculations) requires individuals to store interim results from different
parts of the problem, increasing working memory demands (Ashcraft & Kirk, 2001; First &
Hitch, 2000). Simple math such as addition and subtraction (as seen in the 2020 Guard Book
calculations) does not demand as much working memory, and should therefore be less sensitive
to the stress and anxiety that will likely be present during a DISSUB scenario (Ashcraft, 2002;
Ashcraft & Faust, 1994; Faust, Ashcraft, & Fleck, 1996; Maloney, Risko, Ansari, & Fugelsang,
2010). Testing the Guard Book escape time calculations under stressful conditions (e.g., limiting
the amount of time given to complete the calculations) could reveal significant differences
between the two versions that were not seen when the calculations were completed in a stress-
free environment.

In addition to considering how changes to the Guard Book structure impact performance
on escape time calculations, future research should also consider how changes to the Guard Book
format might impact survival decisions. An electronic version of the Guard Book (E-Guard),
which runs on Android-based tablets, is currently under development by researchers at NSMRL.
The E-Guard provides a guide to submariners collecting crucial information in a DISSUB event
(e.g., atmospheric conditions, number of survivors) and automatically generates start escape
times based on the inputted values. The overall goal of the app is to increase the accuracy and
decrease the time it takes to determine the start escape time in a DISSUB scenario (J.
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Bolkhovsky, personal communication, June 1, 2020). While the E-Guard will likely never fully
replace the paper version of the Guard Book because access to an electronic device can never be
guaranteed during a DISSUB event, it is likely that the automated calculations will reduce
human error and result in more accurate escape time decisions. This claim should be empirically
tested.

Conclusions

Overall, results from this research demonstrate that the most recent revisions to Guard
Book escape time calculations do not significantly improve performance. Even after substantial
changes, performance remains at approximately 50% correct. This is problematic, as both
staying on a disabled submarine too long and escaping too early have potentially-fatal
consequences. A crew that decides to remain on the submarine for too long will likely be
exposed to elevated atmospheric pressure, dangerous toxic gasses, elevated carbon dioxide
levels, radiation, and insufficient oxygen levels (Chabal et al., 2019; Horn, Benton, Hughes,
Demers, Jankosky, Woodson, Lunney, Wangner, et al., 2009; NAVSEA, 2013a). Conversely, a
crew that decides to escape too early risks escape-based injury (e.g., decompression sickness or
pulmonary over inflation syndrome; Bond, Workman, & Mazzone, 1960) and may reach the
surface before rescue crews are available to provide evacuation and medical care (Bond et al.,
1960; Parker, Ball, Tibbles, & Weathersby, 2000; Van Wijk, 2017). The accurate completion of
the Guard Book escape time calculations is necessary for survival.

In spite of demonstrating sustained difficulties with the completion of DISSUB escape
time calculations, this research also provides suggestions for how errors can be mitigated and
performance can be enhanced in future Guard Book iterations. It is imperative that the escape
time calculations, and all other Guard Book procedures, are written to be intuitive and easy to
complete so that survivors are able to accurately complete the calculations even while
experiencing decrements to their cognitive abilities. Future iterations of the DISSUB Guard
Book must consider how best to minimize errors and increase performance on all sets of
procedures and calculations in order to increase sailors’ chances of survival during a disabled
submarine event.
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Appendices
Appendix A: 2006 Guard Book Calculation Packet

Training Day 1

Subj ID: Date: Time to complete:
START ESCAPE TIME DATA CARD 3A
COLLECT AND RECORD THE FOLLOWING INFORMATION
Total number of survivors SURV =_100 (men)
Survivors fit to escape FIT =_80 (men)
Internal pressure (see Note 1) PRESS =_4 (fsw)
Escape depth of boat (see Note 2) DEPTH =_520 (fsw)

Estimate the percentage of flooding in the

compartment FLOOD =_0_(%)

Carbon dioxide concentration (using Analox

Analyzer or Drager tube) (see Notes 3 and 4) CO2=_2_(% SEV)

Oxygen concentration (see Notes 3 and 4) 02=_18 (% SEV)
Number of ExtendAir® lithium hydroxide o

canisters LiOH =_140 _(cans)
Number of chlorate candles CANDLE =_50 (cndls)
Ship's Service Air (SSA) pressure SSA =_3000 (psi)

Note 1: Reading of internal pressure in fsw can be accomplished directly from the Analox
Analyzer or by using the diver's depth gage found in the CrashBag. See CARD 4A
for trunk entry.

Note 2: Read depth pressure at TD-510-GA-38 and convert tofsw (fsw=press/0.44) See
CARD 4A to line up valves.

Note 3: If using Analox Analyzer, the Ozand CO2zreadings are in % SEV (no
correction required). If using any non-pressure compensated analyzer at
increased pressure, the reading must be converted;

0, SEV = (METER READING) x [1 + (PRESS/33)] CO,SEV =
(METER READING/10,000) x [1 + (PRESS/33)]
where "PRESS" = value in third box above.

Caution: Readings converted from monitors other than the Analox can be
suspect.

Change A
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Subj ID: Date:

STAY-TIME CALCULATIONS

CARD 10A
PRESSURE CALCULATION (Note: X /Y = Divide X by Y)

Internal pressure in ATA:
A = (fsw/ 33) + 1 (see Note 2)

A= (ATA)

Escape depth in ATA:
B = (fsw escape depth / 33) + 1 or
B = (psig escape depth [ 14.7) + 1 (see Note 3)

B= (ATA)

Volume of air in the compartment:

C=(100 - FLOOD) x 798 C= (cu ft)
Volume of the compartment after escapes are
made: D= (cu ft)

D =C - 1658 — [67.7 x ( FIT - 2)]

Volume of air added by the escapes:
E=108 x AxFIT

E= (cu ft)

Internal pressure after escaping:

F=[(CxA)+E]/D F= (ATA)
Convert to fsw: =
ESC PRESS = (F — 1) x 33 (see Note 4) PRESS = (fsw)

Note 1: Refer to Card 3A for data entry.

Note 2: Reading of internal pressure in fsw can be accomplished directly from the Analox
Analyzer or by using the diver’s depth gage found in the Crash Bag.

Note 3: Escape Depth pressure can be read at TD-510-GA-38 outside the LOT.e

Note 4: If internal pressure before or during escape exceeds 23 fsw, there is an increased
risk of decompression sickness, which rises with increasing pressure and time. Wait for

rescue unless there is a compelling reason to escape.

Change A
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Subj ID: Date:
CO, CALCULATION CARD 10B

This card provides a more accurate estimate than CARD 3C of the time Survivors can wait
before starting escapes. Based on this calculation, the compartment atmosphere will be at
6% COz2 SEV when the last Survivor escapes.

From the start of the first escape, Table 2 (CARD 10C) provides the number of man- hours
of breathing that will occur in the compartment during the escape process by survivors
waiting to escape and those survivors not escaping. It assumes that the cycling time for the
trunk is about 15 minutes and two survivors escape each time. (Note that these values are
not the same as the time taken for all the survivors to escape; that is calculated by
dividing the number of escapers by 8 - the number who escape each hour.)

Use Table 2 on CARD 10C or 10D to determine man-hours of breathing while waiting to
escape (G%and enter the result in the table below. Complete the two calculations for
‘ExtendAir® LiOH duration’ (H) and ‘Waiting time after ExtendAir® LIOH’ (J). Then add ‘H’ and
‘J’ to determine ‘WAIT CO2’ time in hours.

Enter breathing man-hours spent waiting to

escape: (from Table 2 CARD 10C or 10D) G=___(man-hrs)
Time on ExtendAir® LiOH prior to start of escapes:
H=(LiOH x 73)
SURV H= (hrs)

NOTE: ‘LiOH’ is the number of ExtendAir® cans
from CARD 3A (not to include Granular LiOH cans).
Waiting time after ExtendAir® LiOH used:

J={[Dx0.,06]-[(CO;x C) /100] - [G x 0.85]} )=
[SURV x 0.85] K

(hrs)

Total CO2 waiting time:

WAIT CO:=H +J WAIT_CO2=__(hrs)
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Subj ID: Date:

OXYGEN CALCULALTION CARD 10E

This card provides a more accurate estimate than CARD 3D of the time Survivors can wait
before starting escapes. Based on this calculation for oxygen that is available in the
compartment and oxygen from Chlorate Candles, the compartment atmosphere will be at
13% O2 SEV when the last Survivor escapes. Oxygen at 13% SEV represents minimum
available breathing oxygen before mental and physiological effects become significant.

Use Table 2 on CARD 10C or 10D to determine man-hours of breathing while waiting to
escape (G) and enter the result in the table below. Complete the two calculations for ‘Time to
breathe down oxygen to 13% SEV (accounts for escaping survivors no longer consuming
O2) (K) and ‘Time on Chlorate candles prior to start of escapes’ (M). Then add ‘K’ and ‘M’ to
determine ‘WAIT_O2' time in hours.

OXYGEN CALCULATION

Enter breathing man-hours spent waiting to G

escape: (from Table 2 on CARD 10C or 10D): = ——(man-hrs)

Time to breathe down oxygen to 13% SEV
(accounts for escaping survivors no longer

consuming Oz): K = (hrs)
K={[(O2x C)/100-(0.13 x D)] - G}
SURV
Time on chlorate candles prior to start of escapes:
M = (CANDLE x 115) M=____ (hrs)
SURV

Oxygen waiting time before starting escape:

WAIT_O:2= (hrs)
WAIT_O2=K+ M

NOTE 1: For the purposes of these calculations survivors are assumed to consume 1 scf O2 per hour
and produce 0.85 scf per hour COZ2. Minimizing survivar activity will prolong survival time by
minimizing O2 consumption and CO2 production.
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Appendix B: 2020 Guard Book Calculation Packet

Training Day 1

Sub; ID: Date: Time to complete:

OPé6B
ASSESS CARBON DIOXIDE & OXYGEN START ESCAPE TIME

EQUIPMENT/TOOLS
NONE

OPERATIONS

1. Determine start escape times.

v a. Fill-in Table 1 using previously recorded Table 1 (OP6)
information or as updated since OP6 completion. Complete
step 1 of section 1 (OP6B-3).

b. Perform remaining section 1 steps, for results to avoid high
limit 6% SEV Carbon Dioxide (COz2) being exceeded before
all escapes are complete; record below:

CO; START ESCAPE TIME: - /
Time (24Hr) (DD - MM / YY)

c. Perform section 2 (OP6B-12) steps, for results to avoid low
limit 13% SEV Oxygen (02) being exceeded before all
escapes are complete; record below:

O: START ESCAPE TIME: . /
Time (24Hr) (DD - MM / YY)

d. Circle the earliest START ESCAPE TIME in1.bor1.c
above.

OP6B-1 (1)
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