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JOURNAL OF APPLIED ECONOMETRICS, VOL. 9, 351-368 (1994)

A STRUCTURAL MODEL OF AIRCRAFT ENGINE
MAINTENANCE

D. MARK KENNET

Office of Economic Research, US Bureau of Labor Statistics, Suite 4915, 2 Massachusetts Avenue, NE,
Washington, DC 20212, USA

SUMMARY

We develop and estimate a simple regenerative optimal stopping model of aircraft engine maintenance
that attempts to describe the behaviour of airline maintenance personnel. The model assumes that the
decision to send an engine to the shop for overhaul is the solution to a stochastic dynamic programming
problem that trades off the expected cost of continuing operation with the attendant risk of engine failure
with the cost of performing the overhaul. We estimate the model using 42 engine histories from Pratt
& Whitney, Inc. Estimation results indicate that such a model does not explain observed engine histories
before deregulation, but does fit the data in the era since deregulation. The model also provides insight
into the perceived relative costs of engine maintenance, in-flight shutdown, and ordinary operation.

1. INTRODUCTION

This paper develops a dynamic model of aircraft engine maintenance based on Rust’s (1987)
bus maintenance model. Our intention is to determine the structural changes that led to the
result that deregulation enacted by Congress in 1978 influenced airlines to fly aircraft engines
longer before overhauling them (see Kennet, 1993). In the earlier work, we employed a
reduced-form duration model to conclude that 42 engine histories collected from Pratt &
Whitney, Inc. exhibit evidence that airlines’ behaviour has changed.

This study exploits the notion that efficient firms either before or after deregulation would
choose a maintenance policy that minimizes discounted expected cost by solving a stochastic
discrete dynamic programming (SDDP) problem. SDDP determines the probability of
observing any particular action on the part of the firm, and thus the maximum likelihood
estimation used to estimate the model must incorporate the solution to SDDP in the
computation of the likelihood function. Thus, we provide further experience in estimating
‘bottom-up’ models like those of Rust (1987), Das (1992), and Sturm (1990).

We will argue that the change in firm behaviour from the regulated to unregulated era results
from a change in the firms’ perception of the relative weights of the cost of having an engine
visit the shop versus the cost of continuing operation (with its attendant risk of engine failure).

1See also Rose (1989, 1900, 1992) for results establishing that overall safety has not been affected by the fluctuating
profits resulting from deregulation. Rose (1992) surveys other literature analysing National Transportation Safety
Board accident data as well as passenger fatality rates.

CCC 0883-7252/94/040351—18 - Received June 1992
© 1994 by John Wiley & Sons, Ltd. Revised December 1993

—‘

Supplied by The British Library - "The world's knowledge"




352 D. MARK KENNET

2. BACKGROUND

Although aircraft maintenance policies are essentially condmon based, inspection (i.e. the
means of determining the system’s condition) is quite costly.? Sherwin (1979) derives an
optimal inspection interval for one of the two major maintenance policies. However,
inspection intervals are more or less exogenously determined for airlines through regulations
administered by the Federal Aviation Administration (FAA).

Based on the inspections of engines, airline maintenance engineers determine the point at
which an engine requires a visit to the shop for an overhaul. Thus, the data used in this study
are complete engine histories for 42 Pratt & Whitney engines. The histories include the dates
and number of operating hours on the engine for all ‘events’ in the engines’ lifetimes, which
begin as early as 1964 and end in 1988. Summary statistics and reduced-form analysis are

found in Kennet (1993).

Duration results in Kennet (1993) suggest that jet engines are likely to exhibit mcreasmg
failure rates; that is, the longer the engine has been operating since its last overhaul, the more
likely it is to fail. Sherif and Smith (1981) point out that operations research results indicate
that progressive maintenance scheduling is optimal in this situation.? The continual updating
of the information and response to that information attendant to progressive maintenance
leads us to the model in the next section, which owes a large debt to Rust (1987).

3. THE MODEL

We assume that airline j at calendar time 7 chooses

= [0 do nothing M

1 remove engine for shop visit

These choices depend on the state variable xj, which is observable to both maintenance
personnel and the econometrician. In this study, xj is two-dimensional and includes hours of
opcration of the engine and an indicator of whether the engine has experienced a shutdown
since the last shop visit (henceforth, we will suppress j for simplicity).

Also influencing the decision process is &, a vector of engine state variables observable to
airline maintenance personnel but not to the econometrician. The elements of & might be
functions of boroscope results, exhaust gas temperature readings, and engine pressure ratio
readings, as well as intensity indicators such as engine ‘cycles’, or hours of operation at full
throttle.* & has two elements, corresponding to each of the decision values. Each element is
interpreted as a component of utility for the airline associated with the decision 4. That utility
is assumed to be u(x;, d, 6,) + &:(d), where 6, is a vector of unknown parameters.

2 According to Edward R. Cowles, Public Relations Director for Pratt & Whitney, Inc., there are generally two types
of maintenance strategics: ‘on-condition’ and ‘condition monitoring’. On-condition maintenance depends on
inspections and tests, which also give the locations for work to be performed. Condition monitoring involves allowing
noncritical parts to fail and using the failure as a signal for maintenance.

3 The Navy defines a progressive policy as ‘adjusting rework content and frequency as necessary to preclude the need
for overhaul, and to assure, within high confidence limits, continuance of a material condition which will sustain the
aircraft through a subsequent operating tour,’ (see Schwartz ef al., (1971). Essentially, progressive maintenance is a
flexible policy (as opposed to a rigid policy of always performing work after a part has been used a certain number
of hours) in which minor discrepancies uncovered during an inspection are overlooked if they do not affect safety,
thus putting off the expense of an overhaul. The engine is overhauled only when normal maintenance procedures can
no longer ensure safe operation.

4 Engine cycles are included in the raw data we obtamed from Pratt & Whitney, but there seem to be so many missing
values and obviously erroneous values that we must treat cycles as an unobservable.
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Let &(Xex1, €41 | Xt, €1, dr, 02,63) be the Markov transition density for the state variables
(x1, ) associated with choice dr and given the unknown parameter 6z and §3. Finally, define
6:=(B, 01, 02,053) as the complete vector of parameters to be estimated, with g8 as the discount
factor. The dimensions of 0 is 1 + K; + K> + K3, where K3, Kz, and K; are the dimension of
61, 62 and 83, respectively.

One goal in this study is to determine whether these data reveal a stationary decision rule
for all periods; that is, whether or not deregulation brought about a change in the decision
deemed optimal before deregulation. To discuss the optimal rule, we require the optimal value
function that is the solution to Bellman’s equation:

Vo(x1, &)= max [u(xi,d,61)+ &(d)+ BEVe(x1, €, d)] (2)‘
deC(x)
where .
EVa(uend)= | | Volr.no@y,dr|x,c,d 02,05 ©)
¥y T
A stationary decision rule is defined as
d; =f(X1, &,0) 4
where
S(x1,€,0) = a;gg}a))( [u(x1,¢,01) + &(d) + BEVs(x1, &1, d)] (5)
€C(x:

is the optimal control.

It is possible to estimate equation (4) by numerically integrating over equation (3) to obtain
a conditional choice probability P(d:|x;,6). However, Rust (1987) points out that the
conditional independence assumption, namely, that

O (Xer1, €141 |Xl, er,d,02,03) = g(€r+1 |xl+l) 62)p (Xt+1 Ixn d,63) (6)

reduce the computational burden. The conditional independence assumption also reduces the
state space for computing the fixed point EVp to the set {(x,d)|x€ R¥,d e C(x)} rather than
the larger set of all combinations of x and the unobservable €. With this simplification, it is
possible to express the log likelihood for an observation as

I =In(P(d: | xs, 0)) + In{ p (e | Xe-1, dr-1,63)) Q)

that is, the log of the joint distribution function of d; and xr, and to sum over ¢ for the log
likelihood for the sample.

We will now specify the functional forms more precisely. Utility is defined as the negative
of costs for a given alternative plus the value of the unobservable £(d) as described earlier.
Cost is defined as engine removal and repair cost, SVC (‘shop visit cost’), if any, plus the
variable cost associated with the state of the system, c(x:, 61). Thus, we have

—c(x}, x2,61) + &(0) ifd=0 ®
—SVC—-1¢(0,0,0,)+ &) if d=1

Note that if d=1 in the model, then x; = (0,0) (the observed two-dimensional state variable
reverts to the zero state). The transition probability for x; is bivariate, and adopting the
convention that the first element of x is the hours of operation and the second element the
engine shutdown history indicator:

U dy 1) + exld) + {

D(Xe+1 |Xt, di, 83) = g(x?-n |xxl+-1, X1, dy, 63)'h(xtl+l |Xb d;, 03) ©
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