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Probabilistic Modeling of Variation in Pilot
Performance During Flight Training

Kento Yamada ", Harumi Ikeshita

Abstract—A probabilistic analysis for the variability of pilot
performance was performed to model the variation in pilot per-
formance during flight training from the viewpoint of reliability
theory. We summarized flags among all applicants tallied in flight
training to a histogram. Various probability distributions were
fitted to the histogram using two bootstrap goodness-of-fit tests.
We found that a limit of the marginal distribution of Ryu’s bi-
variate exponential distribution gave the best approximation of the
histogram. Defining a random variable for the conditional hazard
function as the training step was the key interpreting the physical
background of the fitted distribution in terms of the growth process
during training. Its hazard function showed keeping the number
of flags per flight within a few was important. Also, calculating
the ratio to the expectation for each training step and visualizing
the transition of the cumulative number of flags revealed a con-
cave growth model as the basic process lying in the background.
Moreover, fundamental assumptions of software reliability growth
model (SRGM) were interpreted in terms of pilot training, and
the existence of a stochastic process was discussed. Visualizing
personal processes appearing in reality, we found that their shapes
were similar to those of SRGM. Therefore, applying SRGM to pilot
training data is expected in the future.

Index Terms—Competency-based training, flight training,
performance analysis, pilot performance, reliability, resilience,
statistical analysis, stochastic processes.

NOMENCLATURE
AM Assessment marker.
BVE Bivariate exponential distribution.
CBCT  Competency-based check and training.
CBT Competency-based training.
CDF Cumulative distribution function.
GoF Goodness-of-fit.
ICAO International Civil Aviation Organization.
JAL Japan Airlines, Co., Ltd.
LMR Limit of the marginal distribution of Ryu’s BVE.
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PDF Probability density function.

PMF Probability mass function.

QBT Quantity-based training.

SRGM  Software reliability growth model.

Notation

Cdfenp Empirical CDFR

Cdfgy Fitted CDF.

Cdfy g CDF for the LMR.

Cdfﬁ/IR Inverse function of CDF for the LMR.

Cdfry,  CDF for the marginal distribution of the Ryu’s BVE.

Eivr Expectation for the LMR.

hrvr Hazard function for the LMR.

pdf,, PDF for the compound gamma distribution.

pdf,,,, PDF for the gamma distribution.

pdf; e PDF for the LMR.

pmfy, Fitted PMF.

Sfimr Survival function for the LMR.

a Number of flights required to progress the training
step.

dye Test statistic of chi-squared test.

dks Test statistic of Kolmogorov—Smirnov test.

1 Nonnegative integer.

k Step of training progress.

K Function that returns & for N.

M Mean growth model of ¢ for V.

n Number of performance flags per flight.

TNeum Cumulative number of performance flags.

N Number of flights.

Nogt Estimated number of flights.

Nobs Observed number of flights.

Niotal Total number of flights.

t Continuous variable of n.

w Lambert W function.

«,3,q  Parameters of the compound gamma distribution.

0% Number of groups for chi-squared test.

Tr Gamma function.

T Incomplete gamma function.

A, A,s  Parameters of the marginal distribution of Ryu’s

BVE.

I. INTRODUCTION

IRLINE safety initiatives are moving from reactive
measures, such as analyzing accidents and incidents
and formulating recurrence prevention measures, to proactive
measures, such as analyzing pilot skills and improving their
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resilience at preventing events from developing into incidents
and accidents. Improving resilience requires pilot training
to reflect actual aircraft operations more. In addition to the
technical skills related to aircraft maneuvering, it must also
address the nontechnical skills necessary for crews to cooperate
and carry out safe operations. This background has led to CBT
becoming mainstream worldwide [1], [2], [3].

CBT is based on the idea of giving pilots through training the
required competencies as crews from the viewpoint of prevent-
ing safety problems. ICAO defines a competency as a dimension
of human performance that is used to reliably predict successful
performance on the job [4]. While QBT manages pilot abilities
by the amount of the training administered, CBT can flexibly
respond to each pilot’s acquisition of competencies by clearly
setting out the competencies required in actual flight operations.

However, since an actual flight operation is a series of pro-
cesses that deal with various events, there are variations in the
competencies exerted from day-to-day depending on uncertain
factors, such as the situations faced, how to handle them ap-
propriately, and others. Then, it is quite difficult to quantita-
tively measure the status of competency acquisition. Events
encountered during actual flight operations are probabilistic
entities that do not always occur. Although training is performed
so that events are appropriately handled whenever they occur,
the appropriateness of pilot handling when they occur is also
stochastic. Currently, this decision is dependent on instructors.

Lots of research about pilot training are going on. They are
mainly conducted in the area of human factors, and their results
support that the aircraft operation includes various variabilities.
Previous studies have shown that a sense-making activity is
essential for properly processing events [5], [6], [7], but this
becomes difficult when the pilot is in a state of surprise [8],
[9] or fatigue [10]. Furthermore, it has been shown that the
complexity of cockpit displays probabilistically induces pilot
visual recognition errors and correspondence errors, and the
autopilot is set into an inappropriate mode as a result [11]. There
is also a problem with creating training that faithfully simulates
actual flight operations. In conventional simulator training, it is
known beforehand that a particular event will occur. The fact that
actual flight operations have events that are difficult to predict
also contributes to stochastic variations in pilot performance.
Previous studies on this aspect suggest that it will be adequate
to make simulator training scenarios unpredictable [12], [13].
Therefore, CBT faces the challenge that competencies are easily
affected by stochastic processes and that it is not easy to quantify
competency acquisition status.

From this background, it is crucial and practically required to
develop a method to measure the competency acquisition status,
including the probabilistic entities in a flight training program,
but as far as we know, there is no precedent for such research in
pilot training.

On the other hand, studies on stochastic human performance
modeling have been conducted in reliability theory [14], [15],
[16]. Many tools for the reliability analysis have been developed
and applied to human performances in various practical fields,
such as railway systems [17], healthcare systems, such as home-
based rehabilitation [18], and so on.
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The SRGM is useful for modeling the converging growth pro-
cess [19]. The SRGM is a model used in software development
that predicts the number of errors over the development period.
It is applied to determine software release timing by estimating
how many errors have been eliminated compared with to the
total number of errors estimated from the past development. The
expression of the model gets wider. As it starts from a simple
concave shape [20], other possible shapes are constructed by
introducing another parameter for a real effect, such as fault
recovery efficiency [21].

Based on the previous discussion, the present research aims
to construct a model that can explain and measure the individual
growth process during a JAL’s captain upgrade training. How-
ever, to the best of authors’ knowledge, it is not even known
what trajectory a growth model of an applicant in pilot training
follows.

As the first step in this research, the article’s contribution
is that applying a fundamental analysis in reliability theory to
pilot training data revealed a variation in pilot performance in
standard progress, which instructors most commonly observed
during the training. As a result, the following four points were
found:

1) A range in which the expected numbers of observed indi-

cators per training should be kept;

2) Anideal growth model calculated from the fitted distribu-
tion to the variation histogram assuming a simple growth
process;

3) Differences in growth processes between the ideal model
and individual processes appearing in real;

4) Underlying assumptions and similarity of shapes between
personal growth processes and SRGM.

The rest of this article is organized as follows. Section II pro-
vides the methods of training and statistical analysis. Section III
shows the result of distribution fitting. Section IV discusses
the stochastic property and process in flight training. Finally,
Section V concludes this article.

II. METHODS

A. Participants

The participants in this research were 76 first officer appli-
cants in a captain promotion training program and 142 captains
serving as instructors. The first officers had about 5000 h of flight
experience and had Commercial Pilot Licenses. In comparison,
the captains had about 10 000 h of flight experience and were
trained as instructors by the company. In this study, the data
used for analysis consisted only of cases in which informed
consent were obtained from both the first officer candidate and
the captain. The data acquisition corresponds to an experiment.

B. Apparatus

Boeing 737,767,777, and 787 aircrafts were used in training,
which was conducted on the line (that is, during actual revenue
flights). The routes selected for the training covered domestic
and short-haul international flights and were carefully chosen to
remove bias from applicant flight experience.
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TABLE I
COMPONENTS OF ASSESSMENT IN THE CBCT

Competency AM Description
Attitude AAC  Exercizing cost awareness.
(AA) ACA  Executing an operation carefully and accurately.
ACS Considering customer satisfaction.
AMC  Leading teamwork for the cooperation of other crewmembers.
ARD  Understanding and cooperating with the operations of other sections.
ARM  Utilizing resources.
ASA  Operating a flight safely and in compliance with laws and regulations.
ATE Recognizing and dealing with threats, errors, and UAS.
Application of PAC Carrying out ATC Communication in compliance with procedures
Procedures PAP Compliance with the laws, regulations, procedures, and recommendations required by the situation.
AP PCC Carrying out mutual confirmation.
PCL Performing Checklists.
POE  Executing procedures understanding their objectives and essence.
PSC Performing Callouts as stipulated by the SOP.
Communication C2W  Performing two-way communication.
(CO) CAS  Insisting on safety.
CBR Sharing schedule and awareness.
CIN Questioning for safety.
CNC  Accurately utilizing and interpreting non-verbal communication.
Decision Making ~ DMS  To use precise and timely processes of Decision Making.
(DM) DOC  Making a decision choosing a solution.
DOG  Giving all options of solutions.
DPD  Identifying the problem.
DRA  Assessing risk.
DRM  Making decisions, reviewintg them, and changing them as needed.
Flight Path FAE Keeping the combination of speed, altitude, and position within reasonable limits.
Management, FAF Making the appropriate FMS inputs and selecting the appropriate automation mode for
automation the Phase of Flight.
FA FAM  Monitoring the automation mode and flight path to achieve the desired state.
FAW  Recognizing and avoiding cloud areas by effective use of Weather Radar and visual inspection.
Flight Path FMA  Properly controlling the altitude of the aircraft to obtain desired specifications, flight paths, and tracks.
Management, FME  Maintaining the combination of speed, altitude, and position within reasonable limits.
manual control FMG  Selecting and utilizing the appropriate Flight Guidance Systems Mode that supports the phase of flight.
(FM) FMP  Premeditatedly controlling aircraft attitude and thrust.
FMT  Properly controlling thrust according to the situation.
FMW  Recognizing and effectively avoiding cloud areas by effective use of Weather Radar and visual inspection.
Knowledge KAE  Having and using knowledge of airports, terrain, and routes.
(KK) KAP  Having and using knowledge of aircraft operation and performance.
KAT  Having and using knowledge of ATC.
KLM  Having and using knowledge of aviation regulations, company regulations, procedures,
recommendations, etc.
KNT Having and using knowledge of TEM, MCC, Non-Technical Skills, and Human Performance, etc.
KWX  Having and using knowledge of the weather necessary for operation.
Situational SAA  Recognition of aircraft and internal conditions.
Awareness SAL  Analyzing the situation.
(SA) SAT Predicting the situation.
SEA  Recognizing the external situation of the aircraft and time.
SFA Recognizing the status of flight oneself and other flight crews.
Team Building TCO  Cooperation.
(TB) TCR Constructive}f' resolving conflicts.
TLS Showing leadership.
Workload WDI  Allocating tasks.
Management WPR  Prioritizing.
(WM) WTM  Using time efficiently.

C. Count Data of Pilot Performance

The training program used in this research, CBCT, is a CBT
program developed by JAL. The contents of captain upgrade
training are mainly separated into the simulator and line opera-
tion training. This article analyzed the data obtained by the latter
training.

The line operation training is conducted in actual operations
with passengers on board. An applicant and an instructor are in
the cockpit. In training, the applicant act as a captain, and the
instructor acts as a first officer. The main difference between
the captain and the first officer is decision-making authority.
Then, simultaneously fulfilling the role of the first officer, the
instructor measures the exertion of the applicant’s competencies
as the captain by transferring the decision-making authority to
the applicant. If the training is interrupted, the decision-making
authority reverts to the instructor qualified as the captain.

The exertion of the applicant’s competencies is measured
based on the applicant’s behavior observed during training. The
nature of the behavior is set to be broken down and analyzed by
ten competencies. Each competency was further decomposed
into AMs, which consisted of specific performances to deal with

an event during the flight, as given in Table I. Every AM has a
three-letter name, and its content is specifically determined. The
AMs are used to measure whether or not pilots precisely exerted
the competencies, and consist of a basis to treat the behavior as
a vector.

Each training flight had eight phases: preflight, takeoff, climb,
cruise, descent, approach, landing, and postflight. In each phase,
pilot competencies were checked by an instructor based on the
AMs. Flags are tallied when the instructor feels differences
between the actual performance of an applicant and the expected
performance of a captain with ideal competencies. The measured
competencies varied by flight phase, as given in Table II. Com-
petencies measured in the phase are symbolized by “o” while
ones not measured in the phase are symbolized by “x.” Since
the events encountered during each flight were stochastic, pilots
sometimes had no opportunity to exert a competency, and in
such cases, no tally was recorded.

This article focuses on the number of flags, n, recorded in
each training flight since the number of performance flags is
considered one of the simplest measures between ideal and
observed competencies, and it will ideally converge to zero as the
training progresses. The number of flags for every competency
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TABLE II
PHASES AND COMPETENCIES IN THE CBCT
Competency  Preflight Takeoff Climb Cruise Descent Approach Landing After landing post flight
AA o ) 0 0 ) 0 0 )
AP o o ) ) 0 ) [§) o
CcO o X ) ) o [ X o
DM 0 X o 0 0 o) X 0
FA X o [ [ ) [ X X
FM o ) [§) X o ) ) o
KK 0 0 o 0 [ 0 0o 0
SA 0 0 o 0 0 ) [ o
TB ) X [ 0 0 [ X o
WM o X [§) ) o ) X o

is also important, but it is summarized as the number of flags per
flight to capture the macroscopic nature of the growth process.
Not only is the flag concerned during training. Then, the process
focused in this article is a process partially visualized via the
number of flags.

Since, the count data for each applicant is not enough to fit
a probability distribution to a histogram, the random variable
n for an applicant in standard progress was considered instead.
The count data we statistically analyzed was made by gathering
the n from all the training flights flown by all applicants. These
data included 6697 training flights over 35 months. Flights in
which n was zero included those in which no event required
the exertion of competencies occurred, and we removed such
cases from our analysis. Therefore, the remaining 6353 flights
were used for the analysis. A flight with n = 0 means that an
applicant encountered at least one event to deal with during the
flight, and the applicant appropriately responded to them.

The count data is essentially a discrete variable since the flag
is a Boolean variable so that the instructor feels the difference
or not. Considering the data as a continuous variable makes
it possible to apply it to the measurement of the same flight
with different indicators, thus increasing its versatility when the
number of AMs changes due to the update of the training method.
To get correspondence between the discrete and continuous
variables, we can define the discrete variable as the range of
the continuous variable. In this article, we simply define n as

n = |[t] ey

where |-| is a floor function by which an integer n is returned
from a real number in [n,n + 1) and ¢ is a nonnegative real
number as the continuous variable of the flag. On the contrary,
when determining ¢ from n, it is simply calculated by

1
~ — 2
n+2 ()

since it is not known how ¢ is distributed in [n, n + 1).

D. Preliminary Analysis

An analysis of heterogeneity was performed prior to fitting.
While it is natural for histograms of n to vary according to in-
dividual competencies, the possibility exists that the histograms
may vary unnaturally due to a lack of training or other reasons.
Since this article aims to examine the expected variation of
the applicants’ competencies, we investigated the variance of
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Fig. 1. Histogram of variance of the number of flags tested by Grubbs’ test
for outliers.

the personal relative frequency of n. Then, the Grubbs’ test
for outliers was performed to detect those with unnaturally
large variations. Fig. 1 shows the histogram of the variance of
the relative frequency among all applicants. Consequently, the
training data of six applicants, whose variances of the relative
frequencies were large, were omitted.

E. Distribution Fitting

We performed distribution fitting to the count data using
several continuous distributions defined on the nonnegative real
number and several discrete distributions defined on the non-
negative integer to determine which gave the best fit. Among
the statistical functions available in SciPy [22], distributions
applied to lifetime analysis were selected as candidates. As
some candidate distributions are not suited to the maximum
likelihood method and the experimental data are limited, we used
the least-squares method of the CDF with the Powell method
to minimize the sum of squared residuals. The abscissa was
resolved in 0.1 increments to fit the continuous distribution to
the Cdfemp(t), while the discrete distribution was fitted to the
Cdfepp(n).

FE. Bootstrap Goodness-of-Fit Tests

We tested the statistical data by two bootstrap GoF tests.
One is a bootstrap chi-squared test, and the other is a boot-
strap Kolmogorov—Smirnov test [23]. Instead of the theoretical
distributions to see the significance level in the conventional
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Fig. 3. Relative frequency histogram of ¢.

tests, the bootstrap GoF test iteratively constructs the probability
distribution of test statistics by randomly resampling the same
amount of data from the fitted distribution and calculating the
statistics again. Testing a continuous probability distribution,
we transform the resampling data to the count data using (1).
The number of iterations in this article was set at 10 000. The
significance level was set at 0.1.

The test statistics are d, > and Kolmogorov—Smirnov distance,
dxs. We calculated d, - as

u No S { _Nest { 2
Z( b (])V i (1))
i—0 est()

where  Negt (1) = Niotar - (Cdfe (i + 1) — Cdfpe(i))  and
Nest (1) = Niotal - pmfp, (7) for continuous and discrete distri-
butions, respectively. We set v = 15 to keep Nest (7) > 10 [24].
As dks is calculated for the distribution of trees in a
woodland [25], we calculated dkg as

dks = max(|Cdfe,, () — Cdfpy (2)]). 4)

dy> =

3)

III. RESULTS
A. Fitting Result

The Cdfenp(t) and relative frequency histogram of ¢ are
shown in Figs. 2 and 3, respectively. The p-values and test
statistics for each distribution are given in Table III. The tests
were not applied to some distributions since random variables
can take very large values, making it impossible to allocate arrays

TABLE III
P-VALUES AND TEST STATISTICS BY BOOTSTRAP GOF TESTS

Distribution Dy2 dxz PKS dis

Betaprime 0.0 730.1 0.0 0.0630
Compound gamma 0.1081 23.7 0.1534 0.0138
Burr Type III 0.0 92.4 0.0 0.0248
Burr Type XII 0.0044 33.0 0.0355 0.0148
Chi 0.0 8488.3 0.0 0.1035
Exponential power 0.0 355.4 0.0 0.0612
Birnbaum-Saunders 0.0 174.1 0.0 0.0352
Fold Cauchy N/A 2130.9 N/A 0.131
Gamma 0.0015 36.4 0.003 0.017
Generalized gamma 0.0164 29.0 0.006  0.0167
LMR 0.3886 16.2 0.2593  0.0122
Generalized pareto 0.0 435.6 0.0 0.0945
Gompertz 0.0 252.5 0.0 0.0593
Half cauchy N/A 1553.4 N/A 0.180
Half logistic 0.0 170.6 0.0 0.0529
Inverse Gauss 0.0 509.1 0.0 0.0580
Lognormal 0.0 179.1 0.0 0.0351
Nakagami 0.0 238.1 0.0 0.0483
Reciprocal inverse Gauss  0.0001 61.7 0.0024  0.0180
Rice 0.0 8489.6 0.0 0.104
Weibull 0.0 81.2 0.0 0.0303
Negative binomial 0.015 58.0 0.01 0.0164
Zero modified Poisson 0.0 9445.4 0.0 0.104

The bold entities are important to show the distributions satisfying the
criteria for p>0.1.
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------ Fitted LMR distribution
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Fig. 4. Cdfemp(t) with the fitted LMR.

or making computation time very long during resamplings in the
bootstrap method. Distributions exceeding the significance level
were written in bold. The probability distribution that gave the
best fit was LMR, which is a limit of the marginal distribution
of Ryu’s BVE [26]. The fitted results of Cdfe,p(¢) and relative
frequency histogram are shown in Figs. 4 and 5, respectively.
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B. Limit of the Marginal Distribution of Ryu’s BVE

We mention why this limit is required instead of the original
distribution. The CDF of the marginal distribution of Ryu’s BVE
is defined as

(&)

where L', A, and s are positive real parameters. The estimated
parameters fitted to the CDF of the present data were

(M, x,8) = (322 x 107%%,2.73 x 1071, 1.17)

Cdfryu(t) =1 - o NtrtE (1)

(6)

and the square of residuals was 1.75 x 107, It suggested that
A" — 0 but A > 0 from the definition. Then, we needed to
consider the LMR.

The CDF and PDF of the probability distribution for A" — 0
are defined on the nonnegative real number and written as

CdeMR(t) —1— e—kt—&-%(l—e*:rt) (7a)

pdfy pp (t) = & (1 — e 5t) e s (7p)

His paper did not discuss this limit of the probability distri-
bution, but its survival function, Sfyumg (t) = 1 — Cdfpmr(t),
was derived as an intermediate product, and the proof of the
derivation was also given in the first proposition of Appendix A.
The estimated parameters of this distribution to the CDF of the
present data were

(h,s) = (273 x 1071,1.17) ®)

and the squared residual was 1.75 x 10~%. From above, we con-
firmed that we obtained the same fitting result as the fitting result
of the marginal distribution of the Ryu’s original distribution.

We used the inverse transform method to generate random
variables following this probability function from uniformly
distributed random variables. As we need to derive the inverse
function of the CDF for the inverse transform method, we
derived it using Mathematica [27]. It is written as

AW (—&) 2 — slog(l— 1)
- AS ©)

where W is the Lambert W function. We generated the random
variables following the above mentioned distribution using both
the random variables of the uniform distribution and the Lambert
W function in SciPy.

Cdfy g (1) =
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Probabilities

Fig. 6. Schematical view of the conditional survival functions and the Poisson
process in the LMR.

It is known that the marginal distribution of Ryu’s BVE was
fully developed from stochastic processes considering physical
behavior [28]. Then, a stochastic process exists behind the
LMR presented in this article too. The stochastic process and
conditional survival function in deriving the distribution match
the growth process characterized by ¢ in training. It is discussed
in the next section.

IV. DISCUSSION
A. Applying the Logic of LMR to Flight Training

The meaning of ¢ is investigated by relating ¢ to the context of
survival analysis and following the derivation of the LMR. The
marginal distribution of Ryu’s BVE is constructed using survival
analysis. Survival analysis analyzes the expected duration until
a well-defined event occurs. For the present case, the duration
is t, and the well-defined event is to complete a flight. Then,
the mean of ¢ by completing a flight is interpreted as the mean
time by occurring the event. The relation between the survival
analysis and the flight training is schematically shown in Fig. 6.

The LMR is derived as the expectation of conditional survival
functions according to the proof in the first proposition of
Appendix A [26]. The conditional survival function is written

as
k
1_6731&
Stp(t) = — | .
k(1) ( ; >

This model shows that ¢ probabilistically decreases as k in-
creases. Then, we consider % as the training step. One step is
determined for any given flight training. The stochastic process
of k is modeled as a Poisson process for the number of flags. It
models that the training step will be higher if the more flags are
tallied. It is a natural consideration when the applicant grows by
experiencing the event the flag tallied. Considering the variation
in ¢ regardless of the step, we can derive the survival function of
the LMR as the expectation of the conditional survival function

(10)
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We consider at least two reasons why LMR and compound
gamma distribution fit well. One is that both distributions are
derived as compounding of two probability distributions, and the
other is that one of the compounded distributions is the gamma
distribution. The PDF of the compound gamma distribution is
derived as

o0
pdf.,(t; o, B,q) = / pdfy,, (8 o, 7)pdf g,y (75 B, ¢)dr.

’ (12)
The survival function of the LMR is written as (11). The Poisson
distribution of k can be interpreted as a gamma distribution of
t. Then, both distributions are derived as compounding of the
gamma distribution and the other distribution. As the fact that
they are expected values of the probability distributions means
that there are two probability distributions, both the variation
in individual competency and the variation in the number of
flags tallied during training can be modeled. Also, the GoF of
the gamma distribution was not bad. Then, we consider that the
gamma distribution included in the integrand gave the better
GoF.

B. Range of the Number of Flags to Keep
The hazard function of the LMR is written as

hLMR(t) =A (1 - eist) .

It starts from 0 at ¢ = 0 and rapidly converges to A as ¢ — oo. It
is shown in Fig. 7. For example, the instantaneous rate att = 5
is about 0.997A. It shows that the rate to end the flight varies
with a couple of flags, but little or no change is seen with more
flags. Then, the training data indicated that keeping ¢ within a
few is important.

13)

C. Derivation of a Growth Model Using LMR

The evolution of ¢ against NV is an important indicator of an
applicant’s proficiency since keeping ¢ low is important. The
concept of SRGM is considered as an analogy in the present
training. Then, we will discuss what can be learned from the

100

80

60

M(N)

40t

20

Fig. 8. M(N) for a = 20.

LMR and what is desired in analyzing the personal growth
process.

The expectation can be calculated by integrating the survival
function. The expectation of the LMR is given as

00 0ty n\k s\ "
ELMR:/ Ze ];M) (1 ¢ )dt. (14)

st
0 k=0

When the internal function can be written in terms of power
series, we can change the order of the integral and the infinite

series:
E(k) = /OC c ot 1oe kdt (15a)
n 0 k' st
Evr = »_ E(k). (15b)
k=0
They have closed forms as
AREEID)
Ek)=|—-) ————— 16
(k) <s) sT(k+2+1) (16a)
LN LT () -3 )
E =—|- s —F2 2 ss22 (16b

E(k) is the ratio of Ep g to the flight training at the kth
step. The abovementioned model does not include how many
flights it takes to reach the (k + 1)th step of flight. Introducing
a parameter, a, which is the required time of flights to reach the
next step, the difference equation of the total number of flags is
written as

(17a)

(17b)
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where K (N) is a function that returns the step for the number
of flights. M(XV) is written as

K(N)
M(N)=a Y B(i) + (N = (K(V) + 1)a)E(K(N)).
= (18)

We can consider M(V) as a growth model that converges to
aErvr. An example for @ = 20 is shown in Fig. 8. It shows a
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mean growth model of the cumulative number of flags to the
times of flight in a concave shape. Also, the tendency for most
flags to be tallied in early training and almost none as training
progresses is a reasonable model for an applicant’s progress
toward proficiency.

Although (18) is a line graph and a poor model for fitting,
we consider it is a conceptual growth process for an applicant
in standard progress. The probabilistic distribution obtained
from Sf;, depends on the training step, £, which increments as
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14+

Fig. 10.

History of n against IV for an applicant.

the training progresses. It implies that the individual growth
process would follow such a trajectory if the training continues
indefinitely. It also provides a support that SRGM is one of
the potential approaches that can describe the individual growth
model.

D. Expected Future Work

We end our discussion by considering motivations for apply-
ing SRGM to the personal growth process during flight training.
We start with examining fundamental assumptions of SRGM in
terms of the flight training. Next, we elucidate the property of
n as a random variable by visualizing the histories of n against
N. At last, we show the history of n.,,, for each applicant and
examine its shape in light of SRGM.

At first, we discuss how fundamental assumptions of the
SRGM are interpreted in the pilot training. According to as-
sumption matrix [30], the fundamental assumptions common to
all SRGMs are written as follows.

1) Software testing and reliability assessment are performed

in actual operating conditions.

2) Faults are removed immediately.

3) New faults are not brought in the process of debugging.

4) All faults occurred independently from each other.

Assumption 1 is valid since the flight training is in the form
that an applicant in the captain’s seat operates an actual flight
with passengers, which is the actual operating condition itself.

Assumption 2 means that, in terms of training, all flagged
performances by an instructor on the last flight will be properly
handled by the next flight. Ideally, we would like this to be the
case, but in practice, it may not be easy. In order to take into
account this, it will be necessary to introduce a parameter, such
as a fault removal efficiency [21].

Assumption 3 is interpreted as that improved actions in light
of a flag do not trigger another flag. Such a trigger is sometimes
observed since the management balance is important for the
captain. It is possible to be too concerned about the last flag to
respond to other things appropriately. This assumption is a strong
limitation in software development, and models incorporating
secondary faults are being studied [31]. Those models may also
be required for the personal growth model in training.

100
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Fig. 11. Histories of ncum against N as personal growth processes

within (a) N < 100, ncym < 100, (b) N < 400, neym < 400, and (¢) N <
1200, neum < 1200.
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Assumption 4 is required from probability theory. It is dif-
ficult to measure the independency of events that applicants
encounter during flight since they have complicated situations,
such as weather, passengers, aircraft, and routes. We assume
that each event independently occurs. Applicants encounter
many independent events through flights with various condi-
tions. Instructors use AMs to classify a performance or a series
of performances to deal with one of the events into flags.
AM is designed as a reason code that is not duplicated with
each other and is extracted from ten competencies defined as
dimensions of human performance by ICAO [4]. Therefore,
we assume that the performance flag is independent of each
other.

Next, we discuss whether the underlying assumption of per-
sonal growth processes is consistent with that of the SRGM. Ap-
plicants with Nyota1 < 50 were classified as Group A, those with
50 < Niotal < 100 as Group B, and those with Ny > 100
as Group C to investigate the trend of the personal growth
process among the groups. Fig. 9 shows histograms of n tallied
at the Nth flight among all applicants. We observed that n
probabilistically decreased as the flight training progressed. The
difference between groups was the variation in n at the first
recorded flight. Group A showed that n was less than 10 from
the beginning and they finished the flight training with fewer
Niotal than the other groups. Groups B and C showed that the
variations in n got less at the end of training as well as Group
A, but Niota1 were different.

‘We consider that the difference in the personal growth process
among groups comes from the difference in proficiency at the
entry of training. The timing to begin captain upgrade training
is up to each individual. Applicants are guaranteed to be at a
certain level since there is arequirement to begin captain upgrade
training. Some of them are well prepared at the beginning.
It is the instructor’s experience that applicants’ competencies
are varied when they enter training but are close by the end
of training. Therefore, we consider that applicants with similar
Niotal have a similar growth of proficiency.

Although the present classification is rough, the variations
in n among the applicants with similar Ny, are qualitatively
visualized. We consider that the visualized variation results from
the existence of a stochastic process in flight training. Fig. 10
shows the history of n against N for an applicant. n is scattered
but probabilistically gets fewer as N increases. In other words,
n is a random variable, and the applicant’s competencies grow
as fewer n is expected.

Whether an applicant adequately deals with an event en-
countered during flight by exerting their competencies or not
is a stochastic process depending on the condition of the crews
including themselves and so on, even if the applicant has learned
about the event and how to deal with it in lectures or flight
simulators. Since the response to the event during flight is
attributed to an event in probability theory, n is arandom variable
generated by the stochastic process and measured as perfor-
mance to be improved by an instructor. We consider the idea
of growth that the applicant’s performance gets stable through
the accumulation of experience as 7.y, has an analogy with the
concept of the SRGM.

IEEE TRANSACTIONS ON RELIABILITY

Finally, by analogy with the SRGM plotting the total number
of errors found in the development process against time, Fig. 11
shows 1cum (N) = Zf\; 1 (%) versus N for each applicant. The
zigzag line represents the personal growth process, and the
endpoint represents the point at which the training period was
finished or the point at which the last flight was recorded. Plots
in which the cumulative number of flags exceeds the upper limit
of the axis are lightened in color. The slope of the growth process
was different from each other. As the slope got lower, it seemed
that Niota1 got fewer.

As the gradient of n.,,, decreases with each training step,
the convergence of the decreasing gradient is important in the
growth process. However, waiting for sufficient convergence
is difficult from a cost standpoint. Therefore, many processes
look linear when visualized macroscopically. The findings from
the simple growth model obtained by LMR capture the main
points regarding modeling the training growth process. In detail,
however, most look wavy concave like an s—shape [29]. Almost
linear and convex processes are also observed. If the training
continues, we consider these processes would be concave and
s-shape processes. The end of the training is determined by the
instructors. Whether the flight gets stable or not is one of the
criteria. It is strongly related to the fact that n gets constant
and an empirically based assumption that n will become less
probable hereafter.

The above discussions suggest that the SRGM is useful in
quantifying the growth process of applicants in captain upgrade
training. Whether or not it can be used in practice requires
detailed discussions with instructors. Therefore, quantifying the
individual growth process through the application of SRGM will
be the most recent future work. However, it also suggests that
the instructor’s assessment method may differ from that of the
SRGM since the SRGM assesses the reliability of software by
the total errors removed so far instead of the errors removed per
day most recently. It is not yet determined what model will best
represent the growth process, but the model is expected to be
constructed to satisfy the requirements to improve the training.

V. CONCLUSION

This article clarifies the probabilistic nature of the number
of flags for an applicant in standard progress by applying basic
methods of reliability theory to the number of flags observed
as the difference relative to the ideal competencies in CBCT
developed by JAL.

First, we fit a histogram of the raw data, excluding outliers.
We have identified the limit of the marginal distribution of Ryu’s
BVE (LMR) that best fits the probability distribution of the ex-
pected value per flight, which was the differential component of
the growth process. The random variable that made the number
of flags smaller as it got larger was modeled as the training step
by the derivation process of the LMR.

Second, the hazard function of the LMR showed that it
increased for a couple of flags per flight but remained almost
unchanged for higher numbers of flags. The training data indi-
cated that keeping the number of flags per flight to a few was
important.
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Next, the occupation ratio of the expected number of flags per
flight was calculated for each training step. It gave the gradient
of the cumulative number of flags at each training step from the
viewpoint of growth models. Introducing the times of flights to
progress to the next training step gave a concave growth model,
which was natural for an applicant in standard progress that the
many flags were tallied at the beginning of training while fewer
flags were tallied as the training progressed.

At last, motivations for applying SRGM were discussed from
the viewpoints of underlying assumptions and shapes of tra-
jectories of personal growth processes. We confirmed that the
fundamental assumptions of SRGM were applicable to the flight
training. When some assumptions were not valid, parameters to
relax the limitations would be required. Next, the transition of
the number of flags per flight with the number of flights was
investigated by classifying the applicants into three groups by
the total number of flights. The variation in the number of flags
at the entry of training was different among the groups. The
variations probabilistically decreased as the training progressed
and they got similar to each other at the end of training. We
attributed the cause of the difference in the total number of
flights to the applicant’s proficiency at the entry of training.
Regarding the variation in the number of flags, we attributed the
cause of the variation to the existence of a stochastic process.
The stochastic process was whether an applicant adequately
deals with an event encountered during flight or not. Then, the
number of performance flags was a random variable generated
by the stochastic process. The underlying assumption of growth
in flight training was that the applicant’s performance gets
stable through the accumulation of experience as the number
of flags. Consequently, we considered that the assumption of
the personal growth process matched that of the SRGM. Also,
visualization of personal processes revealed that most processes
were macroscopically linear but were concave, s-shaped, and in
their earlier forms in detail. It was suggested that the personal
growth processes ended up on the way of convergence due
to practical aspects such as training cost. Then, applying the
SRGM to the personal processes is expected to quantify the
cumulative number of flags in total and how much percentage is
tallied.

The fundamental analysis of reliability theory provided useful
insights into the gross nature of flight training. However, the
personal growth process is not investigated in detail. Applying
various models including the SRGM to the individual growth
processes is expected in the future.
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