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ABSTRACT

The cost-effectiveness of maintenance simulators, compared
to actual equipment trainers, is evaluated for training military
maintenance technicians. Maintenance simulators are as effective
as actual equipment trainers when measured by student achievement
at school; there is no difference in the job performance of stu-
dents trained either way, according to supervisors' ratings, in
only one study. The acquisition cost of maintenance simulators
is typically less than that of actual equipment trainers. The
cost to develop and fabricate one unit of a simulator was less
than 60 percent of the cost of its counterpart actual equipment
trainer in 7 of 11 cases investigated. The cost of fabricating
an additional unit of the simulator was less than 20 percent of
the cost of its counterpart actual equipment trainer in 9 of
these 11 cases. Acquisition and use of a maintenance simulator
over a 15-year period would cost 38 percent as much as an actual
equipment trainer, according to the only life-cycle cost compari-
son that has been reported. Since wmaintenance simulators and
actual equipment trainers are equally effective and since main-
tenance simulators cost less, it is concluded that maintenance
simulators are cost-effective compared tc actual equipment
trainers. This finding is qualified because it is based on a
limited number of comparisons, because effectiveness is based
primarily on school aclievement rather than on the job perform-
ance, and because it is based primarily on acquisition rather
than on life-cycle costs.
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SUMMARY

A. PURPOSE

This éaper evaluates the cost-effectiveness of maintenance
simulators, compared to actual equipment trainers, for training
military personnel to maintain military equipment.*

B. BACKGROUND

Maintenance simulators ave synthetic training devices that
appear to duplicate the performance characteristics of opera-
tional equipment under ncrmel and many malfunction conditions.
Actual equipment trainers are operational equipments that are
provided with power, inputs, and controls needed to make them
operate in a classroom. Maintenance simulators incorporate some
type of computer support to provide a large variety of malfunc-
tions for instructional purposes, are designed to withstand
abuse in a classroom, do not expose students to dangerous condi-
tions, and can measure student performance for the information
of both students and instructors. They are generally less
expensive to procure than actual equipment trainers. Actual
equipment trainers provide students . n opportunity to train on
the actual equipment they will be expected to maintain after

*In 1976, the Defense Science Board recommended cost-effective-
ness evaluations of military training. This study is one of
several undertaken in response to that recommendation. The
study was performed for the Office of the Deputy Under Secre-
tary of Defense for Research and Engineering (Research and
Advanced Techinolcgy), under the technical nognizance of the
Military Assistant for Training and Personnel Technology.
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they leave school. LUimitations of such trainers are that,
being designed for operational rather than instructional
ourposes, they may break down and be difficult to maintain in

a classroom setting. They provide only limited opportunities
for demonstrating malfunctions because instructors must install
"faulty" components, which always takes some time and may be
inconvenient. Actual equipment trainers do not include facili-
ties for measuriiig student performance; this would require a
complex and costly process of redesign.

C. EFFECTIVENESS

The effectiveness of maintenance simulators has been evalu-
ated in 12 studies conducted since 1967. These involved mainte-
nance training for equipment used in sonar, avionics, radar,
propellers, flight control, navigation, aircraft power plant,
communication, and ship automatic boiler control systems. Stu-
dent achievement in 12 courses that used maintenance simulators
was the same as or better than that in comparable courses that
used actual equipment trairers; in one case, student achievement
with a maintenance simulator was less. In one case where on-the-
job performance was evaluated, superviscrs' ratings showed that
there was no difference between students trained with a simulator
or an &ctual equipment trainer. Students trained with mainte-
nance simulators completed their courses in less time than did
those who used actual equipment trainers. In three cases where
such datz were collect¢d, time savings were 22, 50, and 50 per-
cent, respectively. Most students who use maintenance simulators
have favorable attitudes toward their use:; instructors are split
about equally in haviang favorable, neutral, or negative attitudes
toward the use of these simulators.

S e M e
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D. COST

Maintenance simulators appear to cost less to acquire than
do actual equiprent trainers. The cost to design, develop, and
fabricate one unit of a simulator is less than 60 percent of
the unit cost of its counterpart actual equipment trainer in 7
cases out of a sample of 11; in the remaining four cases the
simulators cost more than the actual equipment {rziners. Once
developed, the cost of fabricating an additional urit of a
simulator is less than 20 percent of the unit cost of its
counterpart actual equipment trainer in 9 of those 11 cases;
in only one case did the simulator cost more to fabricate than
the actual equipment trainer.

In the one available case of a life-cycle cost-effective~-
ness evaluation, the Air Force 6883 Test Stand Three-dimensional
Simulator was as effective as the actual equipment trainer, both
at school and on the job. The total costs for the same student
load over a 15-year period were estimated to be $1.5 million ‘
for the simulator and'$3.9 million for the actual equipment
trainer; that is, the simulator would cost 38 percent as much
to buy and use as would the actual equimment trainer.
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CONCLUSIONS

Conclusion 1. Maintenance simulators are as effective as

actual equipment trainers for training militay personnel, as
measured by students' achievement at schnol and, in one case,
on the job. The use of maintenance simulators saves some of
the time needed by students to complete courses, but data on
this point is limited. Students favor the use of maintenance
simulators; instructors are favorable, neutral, or negative
toward the use of simulators in about equal numbers.

Conclusion 2. The acquisition cost of maintenance simula-
tors are typically less than that of actual equipment trainers.
The cost to develop and fabricate one unit of a simulator was
less than 60 percent of the cost of actual equipment trainers
in 7 of 11 cases examined; the cost to fabricate an additional
unit of a simulator was less than the 20 percent of cost of
actual equipment trainers in 9 of the 11 cases. The one avail-
able life-cycle cost estimate shows that purchase and use of a
simulator would cost 38 percent as much over a 15-year period
as it would to buy and use an actual equipment trainer.

Conclusion 3. Maintenance simulators are as effective as

actual equipment trainers for training maintenance personnel.
In addition, they cost less to acquire. Therefore, maintenance
simulators are cost-effective when compared with actual equip-
ment trainers.

Conclusion 4. 1In general, the data on the cost and effec~
tiveness of maintenance simulators have not been collected sys-
tematically. Therefore, there is no basis at present for mak-
ing trade-offs between the effectiveness and cost of different

types of maintenance simulators on such issues as two-dimensional




versus three-dimensional design, the complexity of maintenance
simulators (in such terms as number of malfunctions and instruc-
tional procedures), the extent to which simulators should pro-
vide a mixture of training in general maintenance procedures
and/or for maintaining specific equipmerits, and the optimum
combination of maintenance simulators and actual equipment
trainers for training technicians at school.

There have reen insufficient studies on the amount of stu-
dent time saved with the use of maintenance simulators. There
have been no studies on whether the use of maintenance simula-
tors influences the amount of student attrition at school.

There have keen no studies to collect objective measures of
performance of maintenance technicians on the job after train-
ing, either with simulators or actual equipment trainers.

Conclusion 5. Maintenance simulators now under development
have not yet taken advantage of recent technological advances
such as videodiscs, automated voicz input and output, and minia-
turization sufficient to make them r-adily portable. Reductions
in size would make it possible, as well as mHre convenient, to
use maintenance simulators for refresher training near job sites
ard for performance evaluation and/or certification of mainte-
nance personnel on an objective basis in operational environ-
ments. Extreme reductions in size would make it possible to
use maintenance simulators as job aids in performing maintenance
on operatioral equipment, thus assuring a close link, not yet
available, between facilities used for training at school and
for performance on the job.
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RECOMMENDATIONS

Recommendation 1. Collect data to enlarge what is now
known about the effectiveness of maintenance simulators and
actual equipment trainers at school. Data are needed on speci-
fic knowledge and skills acquired by students at school, the
time needed to complete courses, attrition rates, and instruc-
tor attitudes toward the use of simulators and actual equipment
trainers.

Recommendation 2. Collect objective data on the performance
of technicians on the job after training with simulators or
actual equipment trainers. Determine the transfer of training
of maintenance skills from schocl to the job, when either

maintenance simulators or actual equipment trainers are used
in training courses. Such data should be collected in a way
that will permit a determination of the relative effectiveness
of maintenance simulators with varying characteristics such as,
types of design, degrees of complexity, physical appearance, and
in generic and specific maintenance training courses.
Recommendation 3. Collect cost data in sufficjent detail
to permit the development of cost-estimating relationships for
maintenance simulators. The cost elements should account for
all portions of the total costs incurred to procure and use

maintenance simulators and actual equipment. A suggested struc-
ture for the collecticon of procurement cost data is contained in
this paper.

Recommendation 4. Design and conduct studies of training
with maintenance simulators and actual equipment traiuners,
that will yield trade-offs between - level of effectiveness
and total cost as functions of the ¢t .icteristics of training




equipment, the ways it is used, and the types of training
involved.

Recommendation 5. Develop a procedure to categorize the
functional characteristics of maintenance simulators and actual
equipment trainers in ways that will relate to their effective-
ness for trainirg.

Recommendation 6 Develop objective measures of the job
performance of maintenance personnel in operational settings to
provide valid measures with which to evaluate the effectiveness
of simulators and actual equipment trainers.

[

L 2%




I. TINTRODUCTION

A. PURPOSE

The purpose of this paper is to evaluate the cost-effec-
tiveness of maintenance training simulators, compared to actual
equipment trainers, for use in training military personnel to
maintain operational equipment. Both types of equipment have
been used at technical training schools to trair. personnel to
perform corrective and preventive maintenance at organizational
and intermediate levels.

Actual equipment trainers have long been used in technical
training schools for two significant reasons: (1) they can be
acquired simply by ordering additional units of operational
equipment already being procured for use in weapon and support
systems; and (2) they provide realistic training on the equip-
ment to be maintained after the student leaves school. Opera-
tional equipment is often modified for training purposes by,
for example, placing it on a stand and adding power supplies,
input signals, and controls needed to make it operate in a
classroom. There has been a trend, in recent years, to use
maintenance training simulators rather than actual equipment
for training purposes. Maintenance simulators are said to have
advantages for use in training such as lower cost, ability to
demonstrate a wider variety of malfunctions, and more freedom (

from breakdown in the classroom. These advantages will be

considered later in this paper.

The purpose of maintenance training is, obviously, to

train personnel to maintain complex equipment; this requires
both technical knowledge and manual job skills. Maintenance




training familiarizes the student with the layout of the ejuip-
ment, sources of power, use of tools and test equipment, safety
requirements, control settings, instrument readings, operating
procedures, and the like. Maintenance personnel must be able

to diagnose malfunctions; 1dentify, replace, or repair faulty
components; verify that all components perform within prescribed
tolerances; and perform tests to insure that the entire equip-
ment has been returned to working order. This type of training
can be provided by a variety of meanr: such as conventional class- ﬁ
room instruction, studying technical manuals, learning fault-
finding procedures by self-study, computer-assisted or computer-
managed instruction and, of course, the use of various types of
training devices. The issue addressed in this paper is whether
maintenance simulators are more costeffective than actual equip-
ment trainers for training military maintenance personnel.

Even if maintenance simulators are more cost-effecitve at
! school for training personnel, it is obvious that training is
supposed to prepare technicians to maintain operaticnal equip-
ment in the field and not just to perform well at school. Thus,
the major substantive issue is to compare how personnel trained
with maintenance simulators or actual equipment trainers actually
maintain operational equipment in the field. Whether this ques-
tion can he answered on the basis of currently available infor-

mation is considered later.
B. TYPES AND LOCATIONS OF MAINTENANCE ACTIVITIES

There are two main types of maintenance activities:

1. Corrective maintenance applies to equipment that has

failed or is known to be operating improperly. In the

typical case, a malfunction is noted and reported by
operational personnel who use the equipment and re-
paired by the maintenance personnel. Corrective
maintenance involves troubleshooting, diagnosing the

10 |
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reason for a malfunction, identifying the component
{or components) that has failed, repairing and/or
replacing the faulty component (or larger module of
which it may be a part) and, finally, testing and
calibrating to assure that the malfunction no longer
exists.

2. Preventive maintenance applies to equipment that has

not failed and appears to be operating properly. It
involves periodic inspection, cleaning, testing, and
calibrating of equipment; this may include the replace-
ment of functioning parts in accord with schedules
established to reduce the possibility of future break-
downs.

To be eitfective, both types of maintenance require not
only proper training but also proper tools, test equipment,
relevant and up-to-date technical documentation, and 2fficient
diagnostic procedures; the equipment itseif must be designed
to permit convenient access, test, repair, «nd replacement of
parts; and there must also be a proper supply of spare parts
and an adequate number of maintenance personnel, including
supervisors, to handle the workload.

Maintenance activities are also associated with the places
where they occur. There are three types, as described below:

l. Organizational maintenance is performed on equipment

on the flight line or in the field by maintenance
personnel assigned to the unit that operates the equip-
ment. It consists generally of inspecting, servicing,
lubricating, adjusting, and replacing faulty assemblies
and subassemblies (line-replaceable units or LRUs).

2. Intermediate maintenance is performed in maintenance

shops by personnel assigned to a base or support crgani-

zation. Tt generally consists of calibration, repair

or replacement of damaged or unserviceable parts, the

emergency manufacture of nonavailable parts, and pro-

viding technical assistance to the using organization.
11
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3. Depot maintenance is performed at a central, industrial-

type facility and consists of large-scale repair, modi-

fication, and refurbishment.
C. MAGNITUDE OF THE PROBLEM

The Department of Defense, as of 1976, possessed weapon
systems and equipment which cost about $125 billion to acquire
(see Table 1). About $49 billion was requested for procurement
in FY 1982 (Brown 1981, p. 312). The purpose of maintenance is
to keep these weapons and their support equipment in a state
of operational readiness to meet mission requirements and to do
this in a timely and economic manner. Maintenance is a criti-
cal aspect of defense planning and operations and costs $18-20
billion each year, including the costs of spare parts, supplies,
and modifications (Turke 1977, p. 5).

TABLE 1. ACQUISITICN COST OF WEAPON SYSTEMS AND EQUIPMENT IN
USE OR ASSIGNED, JULY 1, 1976 (TURKE, 1977)

Acquisition Cost
Billions of
Dollars Percent
Military Department
Army 19.2 15
Navy 61.7 49
Air Force _45.3 _36
126.2 100
Weapons Group
Aircraft 54 .1 43
Ships 38.8 3]
Missiles 8.7 7
Vehicles 9.0 7
Other _15.6 12
126.2 100

12
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According to the General Accounting Office, the Army spends
25 percent ($7.0 billion in FY 1978) of its annual hudget on
maintenance; over 200,000 mechanics and equipment operators in
the Army have specific unit-level maintenance responsibilities

(GAO 1978, p. 1). 1In the Air Force, maintenance requires about

.28 percent of the work force (military and civilizn) and costs

between $5 and $7 billion annually (Townsend 1980). Labor for
repairs is estimated to account for 39 percent of the cost of
recurring logistical support (Fiorello 1975). Training is only
one of many factors that influence effective maintenance, e.q.,
design of equipment to assure high, inherent reliability; design
of equipment to permit unambiguous identification of failed
components; easy access for test and replacement of components;
the availability of spare parts and test equipment; up-to-date
technical documentation, tools, job aids, and the like.*
Specialized skill training at military schc ‘s costs about

$2.9 billion or 33 percent of the cost of inuividual training
each year |[Department of Defense, Military Manpower Training
Report (MMTR) for FY 1981, r. ('; the portion at“ributed solely
to maintenance training is nnt known.,

High turnover among enlisted personnel increases the diffi-
culty of maintaining military equipment. According to planning
estimates for FY 1981, about 337,000 personnel were to be re-
cruited; 313,000 (93 percent) of these were expected to complete
recruit training; only 64,000 (37 percent) would reenlist for
a second term [MMTR FY 1981, p. III-3; estimate on reenlistment

from all volunteer force data base, ASD (MRA&L), 20 Mar 1980].

*See Integrated Technical Documentation and Training (ITDT)
(1978) and Navy Technical Information Presentation Program
(NTIPP) (1977) for a review of current efforts to improve
technical documentatior required for maintenance; see Rowan
(1973) and rost and Price (1973) for recent reviews of studies
which compare performance of maintenance technicians using
innovative performance aids or conventional documentation.
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About 393,000 enlisted personnel were expected to complete
initial skill training courses (after 8 percent attrition) and
165,000 to complete skill progression training (after 5 percent
attrition) (MMTR FY 1981, p. V-4, V-7). The ccsts of on-the-job
training which follows school training are essentially unknown
(they are included among the costs for Operation and Maintenance,
which are $62.4 billion in FY 1982 (Brown 1981, p. 312).

The three Services spent over $5 million in FY 1979 for re-
csearch and development on maintenance simulators; tnis amount is
projected to decrease to about $1.6 million by FY 1983 (Table 2).
About $3.7 million (68 percent) of the FY 1979 funds (category
6.4 funds) were for the development and procurement of prototype
equipment; about 49 percent of all funds for FY 1980-1923 would
also be allocated to prototype equipment. Maintenance simula-
tors either uncder contract or planned for development, as of
February 1981, are listed in Table 3.

Over a 7-year period (FY 1975-1981), the Naval Training
Equipment Center alone procured training equipment at a cost of
$649 million; planned procurements as of March 1980 were for
an additional $305 million. Maintenance trainers will account
for $3.2 million or 0.3 percent of these procurements; equip-
ment with a unit cost less than $100,000 is not included in
these figures (private correspondence, NTEC N-7, 8 March 1980).

The Air Force Air Training Command estimates that the cur-
rent inventory of all maintenance training devices cost $500
million, of which $350 million is for aircraft maintenance alone
(Aeronautical Systems Division, 1978). There are thought now
to be about 3600 different types of maintenance training devices
in the inventory to support aircraft systems. The procurement
of maintenance simulators for the F-16 aircraft is estimated
to cost about $32 million (this includes some units to be

delivered to NATO countries),
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TABLE 2. FUNDS FOR R&D ON MAINTENANCE SIMULATORS BY MILITARY SERVICES
FY 1978 - 1983
Funds (thousands of dollars)
TV 78
Service/PE | and FY 79 | FY 80 | FY 81 FY 82 | FY 83
Prior
Army
6.2 47 600 800 |  650° 600° 900?
6.4 2000 2000 2000 -- -- --
(Total)] (2047) | (2600) | (2800) | (650) (600) (900)
Navy
6.3 2723 362 s16° | 1210® | 1126° --
6.4 1703 1665 233° 275¢ 302° 21
(Total)| (4426) | (2027) | (749) | (1485) | (1427) | (211)
Air Force
6.3 600 800 6409 8o0¢ 7009 5009
(Total) | (600) | (800) (640) (800) | (700) (500)
TOTAL 7073 5427 4189 2935 2727 1611

pE 62727A-230 BO: AMTESS [I, Software, BITE/AMTE.
Apportionment Review, 10 June 1980.

b

PE 63733N W 1202-PN IMTS; W 1201-PN IHOMS; W 1207-PN ATE., NTEC
R&D Program, February 1980,

PM TRADE FY 1981

CPE 64703N W 0784-PN SAMT.

NTEC R&D Program, February 1980.
doe 63751F 2361, 6333, Flat panel simulator.

FY 1981 ATHRL
Apportionment Review Data Book, 27 June 1980,

Source: Joint Technical Coordinating Group - Sub-grcup for Main-

tenance Simulators, December 1978 (Draft), with modifica-
tions noted above.
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TABLE 3.
FOR PRODUCTION OR DEVELOPMENT OR PLANNED FOR DEVELOPMENT
(as of February 1981)

MAINTENANCE TRAINING SIMULATORS UNDER CONTRACT

) System Simulated or
Simulator Cesign: i

T

tervice

Maintenance Type of
Echelonb Simulator
Trained

Device/Program
Characteristiscs and Status

} AMTESS (Army Maintenance
Training and Eviluation

Simulation System)

EEMT (Electrical/Elec-
tronic Maintenance
Trainer)

? Maintenance Trainer

6E_ and 11H67/_
Teries Trainers

ROLAND Institutional
Trainer

FIREFINDER

Fire Contral/Search Radar

.- 2-0/3-D

-- 2-D/3-D

0 and I 2-D/3-0

0 and 1 2-D

To provide initial training in di-
verse skill areas. Contract let
in December of 1980 for delivery
in October of i .| of two "bread-
board" units for evaluation.

Initial (Navy A-school) training
for electronic and electronic war-
fare technician ratings. Con-
tracts awarded in June and July

of 1980 for delivery of twenty
2-dimensional and two 3-dimension-
al prototype units.

Initial (Navy A-school) training
for fire control technician

rating. Front-end analysis com-
pleted. RFP planned for release
in March with contract award for
units anticipated by August 1981.

Small fiat panel devices for
basic skill training (Navy A-
school) in several skill areas,
Contract awards to two firms en-
compass 20 simulations and 194
trainers. Deliveries on one con-
tract are scheduled to be com-
pleted in February 1981,
Deliveries on the second contract
are scheduled to begin in the
spring of 1981 and to be com-
pleted in December.

Training in electronic and hy-
draulic systems at organization-
al and direct support (DS) eche-
lons. RFP released in December
1980, contract award planned for
Uctober 1981, Contract is to
include five organizational
trainers, two DS echelon
trainers, and two mockups.

Provides operator and mainten-
ance (organizational and
intermediate echelons) training
for mortar- and artiilery-
locating radars. Contract award-
ed August 1977 for 36 trainers
for operator training of both
radars and maintenance training
of the mortar-locating radar;
deliveries began in January
1980 and should be completed in
early 1981. Maintenance train-
er for artillery-locating

radar will be developed/pro-
cured on a subsequent contract.
(See Randle 1980).

(Continued)
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TABLE 3.

(Continued)

System Simulated or
Simulator Designation

SN
Service

Mainte:nance Type of
Echelonb Simulatoy
Trained

c

Device/Program
Characteristics and Status

REES (Reactive Electronic
Equipment Stmulator)

FVS (Fighting Vehicle
System) Maintenance
Trainer

XM-1 Tank Maintenance
Training System

M109/110 Turret Trainer

[RR (Integrated Radio
Room)

Mk 92 FCS (Fire Control
System

CIWS (Phalanx Close-in
Weapon System)

0 3-D

0 and | 2-D

Provides operator and orgar-
fzationa) maintenance training
for the Army Tactical Zornuni-
cations System (ATACS). Contract
awarded in September 1977 for

one 4-station network. Delivery
currently anticipated for mid to
late Summer 1981.

Contract has been let for design
and data. Contract for fabric-
atfon planned to be funded from
FY 1982 budget and to include
four different simulations and

a hands-on trainer, al| for
turret maintenance.

In procurement; includes six
simulations (covering five tank
subsystems) and hands-on
crainer. Delivery of prototypes
is scheduled to tegin in Feb-
ruary 1931, Delivery of produc-
tion versions is scheduled for
July 1982 to February 1984,

In procurement; deliveries to
begin in July 981. One sim-
ulation provides training in
electrical and hydraulfc main-
tenance for self-propelled
artillery.

Provides operator and mainten-
ance training of Trident sub-
marine commur.ications system.
One system (consisting of a
simulated communications system
and several part-task-trainers)
was placed under contract in
Ceptember 1979 and {s scheduled
for delivery ir March 1981, A
seccnd System inay be procured.

Currently on letter contract (to
be made definfte in February or
March 1981), with first deliver-
ies scheduled for March 1982,
Configuration fs a modification
of the TICCIT system that inte-
grates conventional flat panels
in a 12-student-station TICCIT
complex. Contract will involve
two complexes.

Letter contract (signed in Oct-
ober 1980) to be made definite
in February 1981 with deliveries
scheduled to begin in November
1981. Contract provisions
specify delivery of 39 sets of

{Continued)
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TABLE 3.

(Continued)

System Simulated or
Simulator Designation

Maintenance
Echelom
Trained

Serv*lcea

Type of

Simulator®

Device/Program
Characteristics and Status

0D 963 Waste Heat Boiler

50Q-89 Sonar Maintenance
Trainer (formerly the
Generalized Sonar
Mai tenance Trainer)

Hagen ABC (Automatic
Boiler Control)

Woodward fHoveryir

A6-£ TRAM DRS (Deztection
and Ranging System)

LA-6B [CAP-1 TJS
("ctical Jamming
System)

2-D/3-D

3-D

3-0

efight simulations (panels por-
traying different subsystems)
and one 3-dimensional model.

Contracted in December 1980 for
deiivery of one set of three
simulations in December 1981,
Firm design will not be set un-
ti1 March or April 1981,

Large program consisting of op-
eration and maintenance trainers
for three sonar systems., Com-
plete program planned to consist
of both simylation and stimulated
operational equipment. RFP for
procurement of operator trainers
scheduled to be issued in March
1981, with resulting contract to
be funded from FY 1981 budget.
Maintenance trainer front-end
studies to be contracted from

FY 1981 funds with procurement
planned from FY 1983 budget.

Prior contracts resulted in pro-
curement and evaluation of three
units employed for research.
Current funding is to modify the
three simulators to the current
configuration of the operational
equipment for use in mainstream
training,

Research program. Ffront-end
analys{s essentially complieted.
Current funding provides for
design/development of audio-visual
and courseware (other than EDP)
materials, Oesign/development of
hardware and EDP software/course-
ware to be inftiated with future
year's funding.

Two trainers delivered under prior
contracts. Current funding is
limited to updating these devices
to the current configuration of
the operational equipment.

Procurement contract awarded in
December 1980 for two units. Deliv-
eries are scheduled for January and
March 1982. Current planning in-
cludes later modification of at
least one unit to the ICAP-II air-
craft configuration,

(“ontinued)
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TABLE 3.

(Continued)

System Simulated or
Simulator Designation

5erv1ce°

Maintenance
Echelonb
Trained

Type of
Simulator

C

Device/Program
Charanteristics and Status

AT Trainer

MA-3 Test Bench/CSD
(Constant Speed Drive)

SH-3 Blade-fold Trainer

F-18 Maintenance Trainers

6883 Test Bench
(Flat Panel Trainer)

f-16 Maintenance

Simulators

F-3A (AWACS) Radar

E-3A (AWACS) Data
Display/Control System

AF

AF

AF

AF

0

3-D

3-0

2-0/3-D

2-D

Military in-house program intiated
in December 1975, Delivery of
partially configured trainers in
June 1979 (1 device) and December
1980 (2 devices). Modification

of delivered trainers to full
design configuration {s scheduled
for completion in Ncvember 1981.

Research program. Single device
delivered fn August 1980. Current
funding provides support for on-
site training evaluations.

Front-end analysis scheduled for
completion during Summer 1981. No
decisiuns regarding the program
are anticipated before that time,

Front-end study rccommended a mix
of simulaticns and operational
equipment trainers, RFPs for five
simulators were released in Jan-
uary 1981, Contract awards are
expected to begin in April 1981.
Procurements will be minaged by
McDonnell Douglas as sub-con‘racts
tn the basic weapon contract™,

Rescarch program, Single device
delivered in August 1980. F
1981 funding is to Support an on-
site training evaluation.

Initia) contract (September 1977)
provided for delivery of six sets
of 18 simulations. Deliveries of
six sets of 12 modified (degraded)
simulations were completed by
September 1980, FY 1981 and
later funding ts to provide for
retrofit of deli{vered articles to
their initial design configura-
tion and production/delivery of
the remaining simulations.

In development., Contract award-
ed in September 1980 for one
simulator containing 10 student
stations. elivery anticipated
in May 198¢.

Front-end analysis nearing com-
pletion, RFP scheduled for
release in March 1981, Contract
award anticipated at the end of
FY 1981,

(Continued)
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TABLE 3. (Continued) P
System Simulated or Maintenance Type of Device/Program
Simuiator Designation Service? Echelonb Simulator Characteristics and Status
Trained
B EA-6B8 [CAP-11 CNR N 0 - Front-end analysis and detailed
* (Communication/ specification scheduled for com- ]
Nivigation) pletion in April 1981, Funding
for procurement anticipated from
the FY 1982 budget.
£-3A (AWACS) Advanced AF 0 -- For training to advanced skill
Radar Maintenance level. Functional requirements
Tratner study in initial stages., Con-
tract award not anticipated I
before the end of FY 1982,
AN/TPS-43E Radar AF 0 3-0 M{litary in-house project, Pro-
gram initiated in early 1977,
First device placed in use in
late 1978, A second unit is
currently being fabricated.
»
|
|
2
i
’
9 Army, N: Navy, AF: Air Force.
bl: Intermediate-level maintenance; 0: Oragnizational-level maintenance. A
“Two-dimensional, three-dimensional.
dProposed for M 109/110 howitzer turret, M60 tank, MB09 truck, radar {1luminator.
®Alsn called the Simulated Avionics Maintenance Tratner.
 J
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One large industrial contractor has estimated that the
Department of Defense will spend about $620 million for mainte-
nance trainers over the pericd 1977-1985; annual procurements
are estimated to reach about $120 million per year by 1985
(rig. 1). The distribution of this procurement, according to
type of trainer, is predicted to be as shown in Fig. 2. Out-
side the United States, the procurement of maintenance simu~
lators is estimated to be about $5.5 million per year.

120

100

MILLIONS OF DOLLARS

40

20

0 L
iy 1975 78 77 78 79 80 81 82 83 B84 1985

FIGURE 1. Estimated procurement of maintenance
trainers by the Department of Defense,
1975-1985 {(as of November 1979)
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FIGURE 2. Predicted procurement of maintenance trainers
by the Department of Defense, according to
*.pe of application, 1977-1985 (estimate
miz4e in November 1979)

The "Electrcaics-X" study, conducted in 1974, was a major
% effort to determine the cost and reliability of military elec-
tronic equipment (Gates, Gourary, Deitchman, et al., 1974).
Four methods were used to estimate the cost of maintaining
electronics equipment each year. The results ranged from $3.4
billion to $6.8 billion, with an average of $5.4 billicn per
year (Gates, Gourary, Deitchman et al., 1974, Vol. 1I, p. 374).

The estimate of $5.4 billion per year for maintenance is about
equal to the cost of procuring electronic equipment each year
(Gates, Gourary, Deitchman et al., 1974, Vvol. I, p. 52). Note
that procurement costs relate to acquiring current technology;

22
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the maintenance costs relate to systems whose average age is

about 10 years.

Advanced military equipment has become more complex in order
to provide improved performance. Increased complexity brought
increased cost and decrecased reliability, the latter imposing
increased demands on maintenance personnel and resources. The
Electronics-X study showed that the reliability of avionics
equipment in the field decreases with increases in unit cost
for aircraft in accordance with the following relationship:

Aircraft MFHBF* = 1.3 x 106/cost .

As shown in Figure 3. more expensive (and more complex) elec-
tronics equipment has a lower reliability and creates a larger
demand on maintenance activities than does less expensive
equipment (Gates, Gourary, Deitchman, et al. 1974, Vol. I, p.
56)., A similar relationship, based on limited data, was found
for Army Area Communications Systems {(AACS) where

AACS MTBF** = 107/cost .

The costs for manpower were estimated by a Defense Science
Board (DSB) Task Force on Electronics Management to account
for perhaps as much as 75 percent of the military electronics
maintenance costs; actual costs are unknown due to limitations
in the cost allocation system (DSB, 1974, p. 14).

*Mean flight hours between failures.

**Mea. time between failures.
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D. TYPES OF MAINTENANCE SIMULATORS

Maintenance simulators now under development differ notably
in their resemblance to actual equipment, their functional capa-
bilities as instructional devices, and in their complexity and
cost. Modern maintenance simulators are often characterized
as 2-D or 3-D devices, i.e., as being two- or three-dimensional
in their physical form; some simulators contain both 2-D and
3-D components.

The 2-D devices consist of flat panels with drawings of
major components connected symbolically by flow diagrams to
show electrical and/or hydraulic functional connections be~
tween components. The panels contain functioning instruments,
signal lights, and controls, so that the technician can turn on
power to the equipment, see if it is working correctly, and
observe the effects of various actions he may take to identify
and correct the malfunctions that are present. Such panels
perform as if they were real equipment because each contains
a computer, with a mathematical model of the real system that
makes the displays respond appropriately to all settings of
the controls under all environmental conditions likely to be
encountered. By setting a switch on his panel, the instructor
can select a malfunction from a large set contained in the
computer. The equipment scores the student's performance and
tells him whether he has correctly identified a malfunction.
The instructor can stop the sequence of activities for instruc-
tional purposes, to repmeat what the student has done, and
demonstrate the correct way of isolating a malfunction; this
is done automatically in some simulators.

The manufacturers of 2-D simulators have developed soft-
ware packages and computer and support equipment that can be
used with a number of different panels. This has led us to
distinguish between what later in discussing costs we call

"standard" and "non-standard" maintenance simulator systems.
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Standard systems, whether they are 2-D or 3-D simulators, are
likely to cost less than non-standard systems.

A 3-D maintenance simulator looks and performs very much
like the actual equipment it mimics. If it is a test bench,
it will be possible to connect components for calibration,
checkout, and tests needed to identify malfunctions. It will
differ from actual equipment in that it will be ruggedized to
withstand student abuse and to prevent exposing students to
dangerou. electrical currents or hydraulic pressures. The
simulator may not contain all the components present in the
actual equipment, particularly those that are not relevant to
its maintenance; if the equipment contains many identical com-
ponents, only some will be represented. These components may
be precise physical copies; in some cases, they are only accu-
rate photographs (etched on plastic or metal) with active test-
points for making test measurements. Being under computer con-
trol, all components perform or respond as if they were actual
equipment; components may be tested, removed, and replaced.
A 3-D simulator permits "hands on" practice in the manual
maintenance skills not possible on most 2-D simulators; it
also has greater physical similarity to the actual equipment,
Whether or not qreater physical similarity increases the
effectiveness of training is not considered in this discussion.

E. OTHEPRP INFLUENCES ON MAINTENANCE

Many factors beyond training and the use of actual or simu-
lated equipment can profoundly influence our ability to maintain
military equipment. These are noted here but they extend far
beyond the scope of this paper. Among these factors are the
quality of personnel recruited by the military Services (and
thereby available for training as maintenance technicians),
policies used by the Services to assign recruits to various
occupational specialties (thereby influencing the quality of

personnel who become maintenance technicians), the amount and
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type of training to be accomplished at technical schools (as
distinct from that to be accomplished on the job), and the
complexity of the information that must be acquired in order
to accomplish maintenance. Some tactors that influence mainte-
nance have little to do with personnel and training; these
include ecuipment design and maintenance policy. The design
of equipmert influences both the need for maintenance (mean
time between failure), and the means for accomplishing it
whenever required (e.g., ease of access to components, built-
in test points, manual or automatic fault detection). Maint-
enance policy determines whether failed components should be
rernaired or replaced, the availability of spare parts, tools,
test equipment and up-to-date technical documentation.

F. ADVANTAGES OF MAINTENANCE SIMULATORS

The advantages of simulators for training maintenance
personnel have been argued for more than 25 years (e.g., R.B,
Miller 1954, Gagne 1962, Lumsdaine 196G, Valverde 1968, Kinkade
and Wheaton 1972, G.G. Miller 1974, Montemerlo 1977, and Fink
and Shriver 1978). The major advantage of a maintenance simu-
lator is that, as a training device, it can be designed to prLo-
vide facilities important for instructing students, in contrast
to actual equipment that is designed to operate effectively in
an operational environment.

Maintenance simulators can be designed to include a large
variety of faults with which maintenance personnel shcould be
familiar, including faults that cannot be demonstrated con-
veniently on actual equipment trainers or that occur rarely
in real life. All modern maintenance simulators incorporate
some type of computer support. Thus, the symptoms of many
types of complex faults can be stored in the computer and se-
lected simply by a control setting on the instructor's console.

Computer-supported equipment can also record what the student
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does, thereby reducing the need for constant observation by the

instructor. The instructor can use information collected by
the computer to guide each student; a computer can also assist
the student without an instructor's intervention. Records of
student performance and achievement can be maintained automati-
cally. Simulators can be made rugged enough to sustain damage
or abuse by students and thus provide greater reliability and
availability in the classroom than is often possible with actual
equipment. Training which would he avoided because of safety
reasons, e.g., exposure cf students to dangerous electrical
charges or hydraulic pressures, can be undertakcn with little
risk with a simulator. If students using such equipment com-
plete their training in less time, as has often been the case
with computer-based methnds of instruction, there are potential
cnst benefits due to savings in student time, increased student
throughput, and reduced need fcr instructors and support per-
sonnel.

As noted above, a simulator need not contain all the com-
ponents found in the actual equipment. Thus, it is often pos-
sible to build a simulator that offers greater flexibility and
capacity for training at a cost less than that for an actual
equipment trainer.

G. DISADVANTAGES OF MAINTENANCE SIMULATORS

There are also some disadvantages to the use of simulators,
The procurement of maintenance simulators necessarily involves
costs to design and build this special equipment, and to develop
course materials, maintenance procedures, and documentation.
The types of training provided by simulators may not provide
the student with all the skills needed to maintain operational
equipment, an outcome that seems assured when actual equipment
is used for training. A simulator may not be ready when needed

for training because its design and development requires some
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effort in addition to or at least parallel to that needed for
the actual sguipment (which is being produced as part of some
system); modifications in the design of the actual eguipment
may delay completion of the simulator, if it also must be modi-

fied. 1If there are many and frequent modifications, the orig-
inal simulator may not resemble the operational equipment
closely enough to be useful for training.

Data on the effectiveness and cost of maintenance simula-

tors and actual equipment trainers are considered in the follow-
ing chapters.




I1. THE EFFECTIVENESS OF MAINTENANCE SIMULATORS

The purpose of maintenance training, whether with simulators
or actual equipment, is to qualify technicians to maintain eguip-
ment in the field. 1In fact, however, the effectiveness of main-
tenance simulators for training technicians has ktesn compaved
to that of actual equipment only on the basis of stulent perform-
ance at school and not on the job: there is one exception to this
general statement (Cicchinelli, Harmon, Keller, et al., 1980).
The lack of job performance data to validate training (and
other activities relevant to pcrsonnel, such as recruitment,
selection, and reimbursement) applies generally to all types of

militery training and not only maintenance training.

A. EFFECTIVENESS OF MAINTENANCE SIMULATORS AT SCHOOLS

We found 1% studies, conducted over the period of 1967 to
1980, that compare the effectiveness of maintenance simulators
and actual equipment trainers for training in a variety of
courses at military training schools; these are described in
sppendix A, Only 12 of these studies provide enough detail~=d
information tc permit meaningful comparisons; these are sum-
marized in Table 4.

Relatively complete data were found on five maintenance
simulators evaluated in 14 dif ferent courses, e.q., radar, pro-
pellers, engines, flight conurols, FM tuner, test equipment,
and the Hagen Automatic Boiler Control; most are associated
with aviation. These courses varied in length from 3 hcurs to
5 weeks (median 4.7 days, N = 12 courses); the number of subjects
*rained wit!ly simulators in these courses varied from 6 to 56

(median 16, N = 14 groups); « grand total of 267 students was
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involved in all of these studies. Fffectiveness was evaluated

by comparing the scores of students who used s3inulators with
those of students who used actual equipment trainers in end-of-
course tests. There are 13 comparisons; in 12 of these, students
trained with simulators achieved test scores the same as or
better than those trained with actual equipment; in one case,
scores were lower. The differences, though statistically sig-
nificant, have little practical significance.

Cicchinelli, Harmon, Keller, et al., 1980, compared super-
visors' ratings of on-the-job performance of technicians trained
either with a maintenance simulator (the 6883 Test Station 3-D
Simulator) or actual equipment trainer. Two field surveys pro-
vided data on the job performance of 85 and 56 graduates,
respectively (some twice); these comprised 74 and 49 percent,
respectively, of the students in the original sample at school;
some course araduates were on the job for periods of up to 32
weeks. The supervisors did not know how the students had been
trained. Their ratings showed no noticeable diffcrence between
the performance of technicians trained with the simulator or
actual equipment trainer. The abilities of the technicians
increased with amount of time on the {ob.

The automated and individualized method of instruction that
is an inherent characteristic of modern maintenance simulators
should he expected to save some of the time students need to
complete the same course when given by conventional instruction
(Orlansky and String 1979). Such time savings are reported in
three cof these studies (Parker and DePaul’ 1967; Rigney, Towne,
King, et al. 1978; and Swezey 1978); compared to the use of
actual equipment trainers, maintenance simulators were found in
these studies to have saved 22, 50, and 50 percent, respectively,
of the time students needed to complete the ccurses. Although
no explanations are offered for these time savings, one could
surmise that they are due to factors such as the fact that

brighter students can complete a self-paced course faster than
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one given by conventional, group-paced instruction, that main-
tenance simulators generally have greater reliability in the
classroom than do actual equipment trainers, and that instruc-
tors need less time to set up training problems and/or to insert
malfunctions in simulators than in actual equipment trainers.

Based on questionnaires administered at the completion of
the courses, students favor the use of simulators in 9 of 10
cases and are neutral in one. Instructors are equally divided
(about one-third in each category of response) in being favor-
able, unfavorable, or neutral in their attitude toward the use
of simulators.

Overall, maintenance simulators appear to be as effective
as actual equipment trainers for training military personnel at
schools; there is only one contrary finding. Some of the pre-
sumed advantages of simulators were not examined in these studies
and therefore cannot be evaluated, e.g., their ability to teach
students how to correct a wider variety of malfunctions than
can be done with actual equipment, their superior availability
compared to actual equipment trainers, and their ability to meas-
ure and report student performance both to students and instruc-
tors. The findings do not suggest ways in which the use of
maintenance simulators could be improved or where their use is
likely to be more effective. There are no cases, except for
Cicchinelli, Harmon, Keller, et al. 1980, where the effect of
training upon job performance is examined; they found no differ-
ence between a simulator and an actual equipment trainer; how-
ever, Cicchinelli, Harmon, Keller, et al. do not report the
amount of transfer of training from school to the job, i.e.,

transfer effectiveness ratios.

B. RELEVANT DATA FROM COMPUTER-BASED INSTRUCTION

Modern maintenance simulators can provide individualized

instruction on a series of prescribed lessons. They can also
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measure student performance and see that the student does not
go to a new lesson until he has mastered the preceding ones.
The instructional strategies employed in these similators are
derived from widely used methods of instruction called computer-
assisted and computer-managed instruction; both are individual-
ized and self-paced in nature and use computers to monitor
student progress. 1In computer-assisted instruction (CAI), all
the instructional material is stored in a computer and presented
to the student in a controlled manner, e.g., via a cathode ray
tube or a visual projection device with random ac-ess to a large
reservoir of slides. The student responds to this material by
touching portions of the screen sensitive to touch or by using
a keyboard or teletypewriter. In computer-managed instruction
(CMI), the lessons are performed away from the computer in a
learning carrel or on a laboratory bench set-up. The :tudent
takes a test at the completion of each lesson; the answers, on
a sheet, arc scored by the computer which then directs the stu-
dent to a new lesson or to additional practice on the current
one.

CATI and CMI systems are not maintenance simulators but
they have heen used to provide certain aspects of maintenance
training, e.g., knowledge of operating principles, trouble-
shooting procedures, fault identification, and the knowledge
aspects of remove and replace actions (i.e., what the technician
should do after a fault is identified rather than replace
actual parts). Knowledge about maintenance procedures can be
acquired on a CAI and CMI system, but this is accomplished with
less fidelity and with little of the hands-on experience that
can be provided by a maintenance simulator, particularly of
the 3-D variety. FElsewhere in this paper, where we consider
costs, we characterize some maintenance simulators as CAI-like.

In a previous study, the authors examined the cost-
effectiveness of computer-based instruction in military training

(Orlansky and String, 1979). Some of the courses on which

35

B falla e et e e b Ry e o wo, Lo {




.y

effectiveness data were available involved instruction similar
to that provided on maintenance simulat:*rs, i.e., basic elec-
tronics, vehicle repair, fire control si-tem maintenance, pre-
cision measuring equipment, and weapons wm.chanics. Data on
student achievement in these courses are ;resented in Table 5;
there are 28 data points which compare conrentional instruction
to the use of CAI and two to CMI. Student achievement in these

courses at school with CAI or CMI was the .ame as or superior

to that provided by conventional instructi::n: the amount of
superior performance, when present, had .)ttle practical signi-
ficance.

Data on the amount of student t.ae =aved hy CAI or CMI in
these courses, compered to conventional instruction, are sghown
in Table 6; there are 30 data points. The amount of time saved
hy computer-based instruction varied from -32 to 59 percent,
with a median value of 28 percent.

These data on student achievement and on student time
savings with computer-based instruction are consistent with
that reported above for maintenance simulators. Orlansky and
String (1979) found that students favor computer-based instruc-
tion while instructors do not. They also found that computet-
hased instruction rmay increacs student attrition, a matter not
considered so far in any study of maintenance simulation.

In summary, the data show that maintenance simulators are
as effective as actual egquipment when used for training mili-
tary technicians. These results are consistent with the results
of studies of computev-assisted iand computer-managed instruction
in courses that provide technical information similar to that
provided in maintenance training. A few 3studies show that
maintenance simulators save student time but most studies did
not address this issue. Students favor the use of maintenance
simulators; instructors favor, are neutral about, or do not

favor such simulacors in about equal numbers.
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Claims have been made that maintenance simulators are
superior to actual equipment for training because of their
capability to demonstrate more malfunctions, provide greater
freedom from breakdown in the classcoom environment, provide
an opportunity to save instructor time, and so on. No studies
were found that examine these capahilities. WNo data were found
on student attrition when simulators are used.

C. PERFORMANCE OF TECHNICIANS IN THE FIELD

The effectiveness of maintenance training is determined
ultimately by how well maintenance personnel perform in the
field rather than at school. Only Cicchinelli, Harmon, Keller,
et al. 1980, among the studies we were able to find, compared
the performance of students trained with a simulator (the 6883
Test Station 3-D Simulator) or actual equipment trairer for
varying periods of time after leaving school. According to
ratings made by supervisors, no differences were found between
both groups of students.

The military services uce five large data management
systems to provide detailed information on the current main-

tenance status of military equipment. These data systems
are identified below:

Service ~ Maintenance Management System

Army TAMMS The Army Maintenance Management
System

Navy Ships' 3-M The Naval Ships' Maintenance and

Material Management System

Navy Aviation 3-M Naval Aviation Maintenance and
Material Management System

Air Force 66-1 and 66-5 Air Force Maintenance Management
Systems
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' We examined the possibility of using data available in these
systems to describe the performance of maintenance technicians
in the field (see String and Orlansky, 1981). If this yielded
) useful information, we might be able to compare, for example,
the real short- and long-term effects of training personnel
with maintenance simulators or with actual equipment trainers.
We know, as was shown earlier in the chapter, that both are
about equally effective at school,
As presently constituted, these systems cannot provide
information useful for assessing the effectiveness of alter-
native methods of training. 1In a more general sense, this
applies also to information needed to validate many personnel
\ ) practices, such as recruiting, selection, and policy on pay and
allowances. The names of individuals who performed maintenance
actions are not kept in the records maintained in the central
data files. The ability to identify and track individuals is

) a mandatory requirement in any attempt to relate method of
training with subsequent performance. This type of data is
kept only at the field activities but it is discarded after
6 months. The use of maintenance records with personal iden-

tification for analytical purposes would require special methods
of processing in order not to infringe on provisions of the
Privacy Act. Even so, such records are not precise enough to
distinguish what parts of a maintenance action were performed
r 0 by a particular individual, particularly when the work is
perfcrmed over more than one shift. The practice of cross-skill
maintenance, to train individuals to maintain a wide variety
of equipment under combat conditions, assigns individuals to
) tasks for which they were not trained at school and it would
complicate any analytical effort. 1In brief, it was concluded

that presently available maintenance data records can not be : !
used tc assess the effectiveness on the job of various methods %
of trairing at school; it is conceivable that thesec systems : f
could be modified to provide the data that would be needed.

39 | ;




That the performance of maintenance technicians affects
the quality of maintenance can hardly be doubted. A few studies
have examined this possibility by analyzing selected data on
components removed for replacement or repair that were found
later not to contain any malfunction. These studies examine
data produced by a group of technicians in a particular work
center; they do not review the performance of individual techni-
cians and do not address the method(s) by which these technicians
were trained.

Findings from seven studies are summarized in Table 7.
All involve corrective maintenance at the organizational level,
although one also involved intermediate maintenance. Most
concern maintenance of aircraft, a few of surface vehicles.
The perinds of observation are relatively long (6 months or 1
year; one is for only one month). The removal ©o° non-faulty
parts, in these studies, accounted for 4 to 43 percent of all
corrective maintenance actions and 9 to 32 percent of all
maintenance man-hours., One study (Gold, Kleine, Fuchs, et al.,
1980) found instances where faulty parts were not removed and
where good parts were damaged during corrective maintenance,

These findings suggest strongly that, properly modified, the
maintenance data systems might provide data on human performance
useful for validating different methods of training. Even so,
it is well to recognize that not all instances of removal of
good parts necessarily imply inadequate performance of tech-
nicians. Such removals could also be due to inadequate test
equipment that cannot distinguish between good and bad parts.
It is also possible that, when under great pressure to return
equipment to an operational status, technicians may deliberately
remove and replace a large number of components just to make
sure that the faulty ones have been eliminated. Vvalidation
of training devices and procedures would probably ne=d more
data on job performance than just that concerning the unneces-

sary removal of good parts.
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III. COSTS OF MAINTENANCE SIMULATORS

A. INTRODUCTION

This chapter disnusses the costs of maintenance training
simulators. Three classes of simulators are defined, their
characteristics and uses within the Services are discussed, and
a structure of data for analyses of their costs is formulated.
Available cost data tor maintenance of simulators are discussed
in terms of the problems, with respect to costs, that arise
from their physical characteristics, procurement gquantities,
and contracting practices. The costs and characteristics of

selected simulator projrams are presented in Appendix B.
B, CLASSES OF SIMULATORS

With respect to the costs of maintenance training simula-
tors, it is useful to distinquish among three classes of de-
vices, denoted here as "standard" systems, "non-standard" sys-
tems, and "CAI-like" systems. Differences among these three
types lie in the following areas:

® Physical ~haracteristics,

® Complexity and cost,

® Extent of use within the Services (i.e., the inventories

of devices in use and under contract), and

e Contracting practices employed in their procurement (and

hence cost data that are available).
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1. Standard Systems

The critical distinction between standard and cther classes
| of maintenance simulators is standardization of the physical
configquration. Simulators of this class consist of two elements:
one element, called here the "general simulation system” consti-
tutes a generalized and adaptable (but incomplete) simulation
capability that caen satisfy a wide range of specific training
applications. The second element, that tailors the general
simulation system to a particular training application, is typi-
cally limited to courseware and pictorial or other representa-
tiors (i.e., the simulation model) of the particular equipment
\ being simulated. Standard systems were the earliest type to be
used for maintenance training and are the only class to achieve
extensive use. The three Services have procured close to 6§50
simulators for nearly 200 separate training applications (train-
ing courses or course sagments).

Only four companies have manufactured standard maintenance
simulator systems: Fducational Computer Corporation (ECC);
Burtek, 1Inc.; Ridgeway Electronics, Inc.; and Lockheed Aircraft
Services Co. (LAS). For all but Ridgeway, this type of simula-
tor is only one of several product lines; and for all but LAS,
these companies manufacture only educational and training equip-
ments.

Compared with the other classes of simulators, the stand-
ard systems are generally low in cost and limited in terms of
the complexity of processes that can be simulated. Development
of particular training applications typically involves small
risks. With few exceptions, these devices have been procured

through fixed-price contracts.

2. Cost Impact of Standardization

The four manufacturers have produced six standard simu-
lator systems or models. The elements that are typically com-

mon to a model consist of data-processing hardware (a central
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processor and a partial set of input/output devices), .the soft-

ware operating system, audio-visual devices, and structures for

housing all the components of the simulator.'ﬂTSken together,
these are generally referred to as the “mgiﬁframe“ or "“console",
The components that are tailored to the'barticular application
consist of other input/output devices (typically a display

panel depicting the operational and test equipment heing simu-
lated) and courseware in the form of an application program
[contained in magnetic tape, disc, or plug-in programmable-reacd-
only-memory (PROM) units].

The size and structure of display media may vary within a
single model, and the same simulation application may be pro-
duced with two sizes of display panels--one for classroom
demonstrations and one for individual use. Advances in micro-
procesksor technology appear to have fostered further variations
within a model while retaining the essential attributes of
standardization. One ECC model has been delivered with pro-
cessor memories ranging between 16 and 48 thousand bytes. The
variation in memory size has permitted corresponding variations
in complexity of simulation and the use of audio/visual devices.,.
For example, the 48-thousand-byte devices procured through an
Army contract for XM-1 tank training will drive a cathode ray
tube (CRT), printer, random-access slide projector, and an
audio device in addition to the normal simulator display
panel. A contemporary Navy contract (for entry-level skill
training) specifies the same model with a l6-thousand-byte
memory and with only the display panel.

The physical arrangement of standard syétems appears
nspecially adaptable for 2-dimensional trainers. However,
3-dimensional simulation is possible.

One impact of standardization is interchangeability, and
this serves to reduce costs of hoth manufacture and repair.
Individual consoles may be.easily modified to different train-

ing applications. Two of the standardized models are designed
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so that the tailored, specific components of any training
application (the display panel and courseware) can be mated
with a single console in the classroom or laboratory; a third
moc¢el can be ordered with either classroom-changeable or fixed
panels. As a resull, a single console may be used in a number
of training applications at the same location. One of these
models (the ECII provides the bulk of the simulators used in
Naval aviaticu weapon-specific training. Naval aviation train-
ing is organized c£o that both maintenance and a part of pilot
ground training for one model of aircraft are conducted at the
same Naval Air Station (NAS) by Naval Air Maintenance Training
Detachments (NAMTD). While a large number of different dis-
play panels (up to 25) may be employed for maintenance training
by onc detachment, a NAMID will generaliy have no more than two
main frames that will be shared by all pilot and maintenance
training courses.

The more important cost impact of standardization lies in
the comnonality of system software. Available evidence points
to the programming and programming design effort as the major
cost >f non-standard simulator developw2nt. This high cost
provides a strong incentive for producers to develop a single
Lasic software system that is both comprehensive and adaptable
tn a w'de range of potential training applications. Develop-
ment of such a software system reduces the programming asso-
ciated with a particular training application to a relatively
small set cf coursceware written in a high-level and relatively
simple language that may (in the case of maintenance simula-
tion) reduce to a sequential coding of the maintenance proce-
dures/steps set out in technical orders.

Commonality of software is the distinguishing aspect c¢€
standardization, and manufacturers have placed a heavy emphasis
on developing versatile software packages. Once developed, they
are tightly held, considered proprietary, and may (at least in

part) be hardwired into simulators. In additicn, the software
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packages have been retained while other features of the general
simulation systems have been allowed to change. ECC has pro-
duced two generations of standard training simulators; the
later one employs an advanced, higher capability processor and
has a quite different physicsl appearance, but uses the earlier

software package. LAS produces two models of simulators that

employ different types of display panels. Yet, the two employ
the same software system and seem best considered as a single
gencralized system.

3. Non-Standard Systems

The non-standard systems present a picture that is quite
different from the standard systems. Seventeen non-standard

-

programs (discussed in Section C, below) have been initiated;
with one exception, each appears to involve a complete (i.e.,
ground up) development effort. Taken as a group, their out-
standinag characteristic is diversity, encompassing different

contractors and types of contracts, prouram purpose, numbers

of devices manufactured, physical characteristics, complexity,
and cost.

Two programs (the AT Trainer and AN/TSP-43E radar) have
been in-house projects at military installations while the
remaining 15 have been contracted to one or more firms. The
15 contractea programs have involved 10 firms as principal con-
tractor; one company (Honeywell) has played this role on five
projects., Only on~ firm (ECC) has also had experience in pro-
ducing a standard device; four firms (Grumman, RCA, Hughes, and
Sperry) also produced the tactical equipment being simulated.

Three programs (the MA-3, A-7 HUD, and 6883 Test Benches)
have research in maintenance simulation as their principal pur-

pose and employ cost-plus-fixed-fee (CPFF) contracts. The other

14 programs (including the two in-house programs) serve main-
line training. Ten of the 12 that were contractec were funded
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through either fixed-price-incentive-fee (FPIF) or firm-fixed-
price (FFP) contracts; the remaining two (MK 92 FCS and Fire-
finder) employed cost-plus contracting.

When completed (as currently planred), the 17 programs
will result in the development of 47 unique simulations and
delivery of 687 units, i.e., trainers. The Mk 92 FCS, CIWS,
and F-16 programs will be responsible for 30 of the different
simulations and 632 of the trainers; both the CIWS and F-16
address training in a number of skills for a single weapon sys-
tem and will result in the development of a family of devices
with extensive commonality, —ather similar to the standard
systems. Typically, the other programs are concerned with
single training applications and a single training device.,.

The physical characteristics of the non-standard simula-
tors appear to be similarly diverse. There are two- and three-
dimensional trainers. Since software is normally closely
held by contractors, wide variability can be expected. Fur-
ther, since a non-standard system typically simulates only
one tactical system, it is not necessary to provide a defini-
tive separation between software and courseware functions.

The total program costs of the non-standard systems
(adjusted to current price levels) differ by factors of up
to 300:1, and the average costs of devices differ by factors
of up to 40:1.

4. CAI-Like Systems

A CAI-like maintenance simulator is a computer-assisted in-
struction (CAI) system with courseware designed specifically to
train maintenance skills., A typical CAI system uses a 2-dimen-
sional display (CRT and/or random access slide or microfiche
projector) to present lesson materials (pictures of equipment
and the like) under control of a computer that also monitors
student progress, prescribes lessons, and scores tests. When

adapted to maintenance training, the CAI features are retained,
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and the trainer may also employ 3-dimensional depictions of
equipment.

One expevimental system of this class (the Rigney Trainer)
has been built, and two other systems have recently been placed
under concract. A contract for the design and fabrication of
prototype units of the Electronic Equipment Maintenance Trainer
or (EEMT) was awarded to Cubic Corporation by the Navy lersonnel
Research and Development Center (NPRDC) in August of 1980, and
a preliminary desiqgn has been formulated. The Army has letl
several contracts for the study of design concepts for the Army
Maintenance Training and Evaluation Simulation System (AMTESS)
and let a contract tc Grumman Aerospace in December 1980 for
construction of two "breadboard" units for further evaluation.

EFMT is intended for initial skill ( "A-school") training,
primarily in electronics. 1Tt is to provide bhoth 2-dimensional
displays (generated through a cathode ray tube) and 3-dimen-
sional simulations and is to be capable of simulating a variety
of particular electronic systems. This latter capability is the
basis for distinguishing CAI-like from the other classes of main-
tenance simulators. The software system must be comprchensive
and adaptable (as in the case of standard systems). In addi-
tion, both the software system and the courseware must be more
extensive since they must also provide the information that
would be contained on the display panels of simulators that are
tailored to a particular training application (whether standard
or nonstandard types).

The only information available to this project on the costs
of CAI-like systems is contained in the cost proposal for the
EEMT system. 1In this proposal, requirements for labor (of all
types) were stated in terms of hours, with insufficient infor-
mation to convert them to dollar costs to develop an estimate
of total program costs., As a result, the CAI-like systems are
not discussed further in this chapter.
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C. SERVICE USE OF MAINTENANCE SIMULATORS

Service inventories of maintenance simulators show quite
diverse policies regarding their use. Table 8 presents a sum-
mary of the different types and total gquantities of trainers
procured by each Service and distinguishes between Naval/Marine
Corps aviation and other Navy and Marine Corps usage. The
differences in reliance on simulation are more evident in the

case of standard systems. The bulk of Navy afloat and Air Force

‘non-standard systems result from the Mk-92, CIWS (Phalanx),

and F-16 programs. In the absence of these two programs, there
would be little difference among any of the Services. It is
noteworthy, though, that these large programs are in areas that
have shown the least use in the standard systems in the past.

TABLE 8. SUMMARY OF MAINTENANCE TRAINING SIMULATORS DELIVERED
AND ON-CONTRACT SINCE 1972, BY SERVICE AND BRANCH

[ Standard Systems Non-Stagﬁard Systems
i , Number of Total Number of |  Total
Service and Branch Different Number Different Number
Devices of Units Devices of Units
Navy/Marine Corps 137 354 6 1R
Aviation
Marine Corps Ground 27 129 0 0
Forces
Navy Afloat 4 10 25 581
Army 24 158 2 34
Air Force 2 _2 14 _61
| Totals 194 653 47 687

One result of standardization is that it is difficult to
identify specific simulator development or procurement programs.
The standard devices that provide training for a particular sys-

tem (e.g., a given model of aircraft) may have been procured
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through several contracts initiated at different times. A

single contract may encompass varying quantities of devices for
several equipments and include procurement of the general simu-
lation system as well as the unique components for different
training applications. As a result, the discussion of usage of
these devices is limited to procurement quantities by Service
and according to skill areas trained and to the market shares
of four contractors. The non-standard systems are developed
and procured within well-defined programs that are related to
particular simulator systems and training applications and are
discussed in that context.

l. Standard Systems

The first procurements of standard maintenance simulators
occurred in the 1972-1973 period when limited quantities were
delivered to the Air Force, to the Navy for surface training,
and to the Marines for ground forces training. The first
deliveries for Naval/Marine Corps aviation training occurred
a few years later, and since that time this training has become
the most extensive user of standardized systems. The current
inventory of 354 devices accounts for 70 percent of the dif-
ferent simulations and nearly 55 percent of the total units
employed in military training,

The Marine Corps was the earliest service to contract for
a significant number of standardized systems. A 1972 contract
called for delivery of 15 units (encompassing 11 different
simulations) for training of ground equipment maintenance;
this was followed in 1975 with a contract for 114 units of 27
different simulations (including reprocurement of the 11 types
of simulations contracted for in 1972). The last of the Marine
Corps inventory was delivered in 1976 and none have been con-
tracted for since that time.

The first known Army use of standard systems for mainte-

nance training was in 1977, with the delivery of two Jdevices
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for training of the Mohawk propeller control system. Since

that time, the Army has procured devices for training of other
aircraft systems and several armored vehicles. Note that the
numbers shown in Table 8 include only devices that were procured
through the Frogram Manager fcor Traziningy Devices (PMTRADE). The
devices listed in Table 8 may be an incomplete listing as Army
management procedures allow training devices to be contracted
for through weapon system program offices and individual base
commands. Such devices are not registered in a central inven-
tory record and cannot be readily identified.

Both the Air Force and Navy afloat have made little use of
standardized simulators. The Air Force procured one device in
the early 1970s to evaluate its use in training AN/ALQ-126 radar
maintenance personn~l (as part of a research project). A second
device simulating the 6883 Test Bench was delivered in 1980,
also for evaluation as part of a research program. The Navy
procured five copies of one device for training in the tuning
of traveling wave tubes in 1973. The next delivery of this
class of simulator (the Hagen Automatic Roiler Control Simula-
tor) was in 1978 as part of a research program investigating
training strategies for equipments the maintenance of which
requires personnel trained in different skill areas. The only
current use of standard simulators for main-line training con-
sists of two devices 1oy Lraining maintenance of the Trident
submarine air-conditicning and air-compressor systems.

The standard systems have been uscd for training in a
variety of skill areas, as shown in Table 9, with training
applications spread rather eaqually among the broad groupings of
electrical and electronic, propulsion, and combinations of
mechanical/hydraulic/pneumatic areas. This stands in contrast
with the non-standard systems discussed below where, excepting
the two large weapon-system-oriented programs (F-16 and CIWS),
all but the MA-3 and DD 963 boiler programs have been limited

to simulation of electronic systens.
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TABLE 9. STANDARD SYSTEMS DELIVERED AND UNDER CONTRACT,
bY SERVICE AND SKILL AREA

Number of Total
Skill Area by Military Service Different Number
Simulations of Devices
Marine Corps Ground Forces
Electrical 12 38
Propulsion 11 75
Hydraulic-Pneumatic 4 16
Naval and Marine Corps Aviation
General Skill Traininga
Electrical-Electronic 10 78
Propulsion 16 30
Electro-Hydraulic 14 76
Wweapon-Specific Training
Electrical 18 24
Electronic 23 34
Propulsion 14 14
Electro-Hydraulic 1 1
Mechanical-Hydraulic 29 35
Unknown 12 12
Navy Afloat
Hydraulic-Pneumatic 2 2
Combination of Skill Areas 1 3
Electronic ' 1 g
Air Force
Electronic 4 2
Army
Aviation
' Electrical 4 22
Electronic 4 48
Hydraulic 1 2
Mechaenical-Hydraulic 1 7
Electro-Mechanical 2 14 -
Ground
Electrical-Electronic 2 4
Propulsion 4 16
Hydraulic 2 9
Electro-Hydraulic 4 36
) ®ncludes training in aircraft and ground support eguipment.
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A relevant point to be seen in Table 9 is that while these
systems have found a wider range of applications (in terms of
different simulations) for weapon-specific Naval aviation train-
ing, one or two units (trainers) of ¢ given simulation will
satisfy a training requirement. That is, 97 different simula-
tions (training applications) are satisfied by 120 devices, an
average of only one and one-quarter units of each simulation.
This contrasts with the larger numbers of identical units re-
guired for general aviation skill training (or for training for
widely held equipments such as those employed by the Army and
Marine Co:ps ground forces). Non-recurring costs involved in
bringing a simulation on-line are righ compared with the costs
of fabricating additional units of an already designed simula-
tion, and this relation has a large impact on the average costs
of simulation in training for different types of eguiprents.

Table 10 shows the number of stardard systems delivered
and under contract, according to manufacturer. ECC appears to
dominate the market, but the extent of this domination is de-
creasing. Ridgeway is a new company that appears to be aggres-
sively marketing its system. As of mid-summer 1980, all of
the 107 Ridgeway devices shown were under contract, but none
had been delivered. ECC, by contrast, had undelivered orders
for 100 devices. When all of these deliveries are completed,
the percent of devices in use that are manufactured by ECC
will drop from 90 to 75.

Standard maintenance simulators are not major products of
either Burtek or Lockheed Aircraft Services. Burtek produces
a wide range of training devices (from aircraft evacuation and
ejection seat trainers to automated study carrels) for both the
civilian and military markets. Lockheed Aircraft Service pro-
vides a wide range of aircraft-related products and services

(including aircraft modifications, full-scale models, mock-ups,

and training services) for both military and civilian customers.
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TARLE 10. STANDARD SYSTEMS DELIVERED AND UNDER CONTRACT,

BY MANUFACTURER SINCE 1972

Manufacturer j
r._ S
Educational Ridgeway Burtek, Lockheed
Computer Electronics, Inc. Afrcraft
Corporation Inc. Service
I
Marine Corps Ground Forces
Unique Models 27 .- - -~
Total Held 129 -- .- .
Naval & Marine Corps Aviation
General Skill Training
Unique Models 21 18 1 -
Total Held 119 103 12 .-
Weapon-Specific Training
Unique Models 74 - n 12
Total Held 97 -- n 12
Navy Afloat
Unique Models i -- K} -
Total Held 5 -- 5 -
Army
Uniaue Mocels 22 1 1 -
Tetal Held 152 q 2 -~
USAF
Unigque Models 1 -- 1 -~
Total Held i - | -
Total
Unique Models 146 19 17 12
L Total Held 503 107 31 12

2. Non-Standard Systems

The non-standard simulators are relatively recent develop-
ments. A listing and description of the programs that have been
initiated to date are shown in Tables 11 and 12. 1In fact, there
has been little experience in training with this class of simu-
lator. Several of these programs have yet to result in deliv-
eries; for several others, deliveries have not been completed
or deliveries have been of less than complete or full-design
configurations. There is generally an installation and checkout
period and a significant period between the initial and final
deliveries of a program so that, even where a full configuration
has been delivered, actual use for training would be less than

is suggested by Table 12.
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TABLE 11.

NON-STANDARD SIMULATOR PROGRAMS,

DESCRIPTION

Destgnation of

Trainer Designation Description of Assoc fated Operational Equipment Operational Training Equipment Cort,ractor(s)'1
Equipment
VIAY Visual Target Acquisition System of F-4N, AN/AVG-8 Honeywe 1)
Al-Trainer A1l equipment maintained by AT rating on

A-6 TRAM DRS

A-7 HUD Test Bench,

MA-3 Test Bench

LA-6B [CAP-1 TJS

Navy Afloat
IRR

CIWS
Waste Heat Boiler
MK 37 FCS

Afr Tarce

6883 Test Bench

AWACS Navigation
AWACS Radar
F-16

FPS-a3t

Amy

Firefinder

REES

F-4, J/N and RF-48B.
Detection and Ranging System of A-6E TRAM,

Heads-Up Display of A-7L.

Aircraft 12KVA generator test bench.

Tactical Jamming System,

Integrated Radio Room of Trident submarine,

Short range anti-aircraft qun system for
surface ships (Phalanx close-in weapon
system).

DD 963 Waste Heat Boiler.

Fire Control System MK 9./, Mod ().

Test bench for a portion of F-111 avionics
Navigation system of E-3A,

Radar system of [-3A,

Avionics, electrical, propulsion, hydraulic,
weapon control systems of F-16,

Ground radar system,

Mortar and artillery-locating radar systems.

Tactical communication system.

(See Table C-6)
AN/AAS-33
AN/AVM-T11,
AN/AVQ-7

MA-3

AN/ALQ-99
AN/ALD-92

AN/BSC-1

FCS MK 92 Mod ()

AN/ASM-427
AN/ASN-118

AN/APY -

AN/TPS-43E

AN/ TPQ-36,
AN/TPQ-37,

AN/TRC-138,
AN/TCC-73 (3),
AN/TRC-145,
AN/TRC-151,
AN-TSQ-84,
AN/TSQ-85

In-House (North lsland NARF)
Grumman, Applied Science
Educatiunal Computer Corporation,

RppTTmation, Honeywell, Vought,
AACTS Engineering

Aeplimation, Seville

Girumman

RCA, Educational Computer
Torporation

Cubic
Applimation

Sperry

Honeywell

Honeywe!l, American Institute
for Eeséarch

Honeywell, American Institute
for %esearch

Ncneywellb

In-house (Keesler AfB)

Hughes Atrcraft

Gould

hSubcontractnr to the weapon sysiem cortractor.

dWhere more than one contractor has been involved in a program the ~ame of the principal contractor {s under)ined,
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These 17 programs do not seem to provide a representative
sample of the potential range of application for the non-
standard simulators. All but the three research programs
(A-7 HUD, MA-3, and 6883 Test Benches) are concerned only
with organizational maintenance, and these three were devel-
oped as research vehicles. 1Initially, none were envisioned to
provide main-line training, although current planning is for
the MA-3 to provide training. Only four programs (MA-3 Test
Bench, F-16, CIWS, DD 963 boiler) simulate other than electronic
equipments, The F-16 and CIWS are large simulation programs
to provide training in several of the skills (including elec-
tronics) required for maintenance of a weapon system. This
seems hardly representative of overall maintenance training
requirements and is quite different from the pattern observed
for the standard systems.

a. Concurrent Development. The sample is sufficient,

though, to illustrate some of the characteristics associated
with non-standard simulators, three of which are discussed here.
The timing of deliveries of training devices is critical for

the introduction of new or modified operational equipments.
Training equipment, of whatever type, must be in place before
training can commence, and personnel mnst be trained before

the operational equipment can become an effective part of the
force. Training simulators require their own development
period, and this must occur concurrently with development of

the operational equipment. However, the operational z2quipment
is subject to frequent modification during development and for

a considerable period after its initial fielding. FEven minor
mndifications can have a large impact on the costs of simulator
development. At least five of the 17 simulator programs in-
volved concurrent development; the A-6 TRAM DRS, the A-7 HUD,
the Trident Radio Room, the F-16 trainers, and Firefinder. 1In
each case, the simulator programs incurred significant engineer-
ing changes that increased their costs. The A-6 program required
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extensive software changes that amounted to 30 percent of the
final program cost. The additicn of FLIR to the »-7 HUD trainer
accounted for approximately 40 percent of the total program
cost. In the F-16 program, it seems . .poss.ble to attribute a
dollar cost to changes, but they are generally acknowledged to
be a major portion of a cost overrun that amounted to three
times the initial program estimate. Not only were changes to
the aivcraft frequent, but documentation of the changes that
were necessary for simulator design ran as much as 12 mcaths
behind implementation of the changes themselves. Changes in
the Irident Radio Room and Firefinder program were not as dra-
matic but still had a significant impact on development costs.

A related problem is that modifications and configura-
tion chailges are common for aircraft that have been fielded for
a considerable pericd. Changes to operational systems may re-
sult in simulator mcdifications whose costs approach the cost
of development ot the original device. This is close to the
situation of the A-7 HUD simulator; a day version of the opera-
tional =2quipment had been in use for several years, and the FLIR
version ente:r 2’ development during development of the trainer.
Contract cos attributable to modifying the trainer to simulate
the FLIR amounted to 85 percent of the original contracts for
the day version trairer. Modifications to operational equipment
nave resulted in the obsolescence (and discarding rather than
modification' of a numher of standard simulators.

b. OQuantities Fabricated. For nine programs in tl.is

sample, for which cost information was available, development
cost averaged over three times the recurring cost of simulator
fabri:ation and initial support. This provides a large poten-
tial for reducing average costs by simulation of equipment for
which there is an extensive traininy requirement, such as equip-
ment used for general skill training and equipment that is used
on widely held weapon systems. Only three of the 17 programs in
the sample simulate this type of equipment. The MA-3 Test Bench
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, is a universal test stand used throughout the Navy for onshore
testing of all models of generators and constant speed drives
that supply aircraft primary electric power; although the MA-3
Simulator is a research device, with only one unit built, it

has a potential for providing training at all Naval and Marine
Corps air stations. The CIWS and Mk 92 Fire Control System

are to be installed on a large number of surface ships, generat-
ing an extensive training requirement; current planning calls

for fabrication of 36 sets of eight simulations for CIWS train-
ing and 24 sets of 12 simulations for Mk-92 FCS training. 1In
contrast, a few units appear to satisfy the training reguirements
for the bulk of the other simulators in the sample. As examples,
the present F-16 contract provides for delivery of equipments

to only three air bases; training for specific types of Naval/
Marine Corps aircraft is provided at only one to three air sta-
tions so that buys of weapon-specific simulators (such as the

A-6 TRAM DRS) will be limited to a small number.

c. Substitution Relations. Simulators are generally

—

viewed as substitutes for actual eguipment trainers. Whether
this is a correct way to view simulators should be argued
separately; simulators and actual equipment can each be used
for training in ways that are not possible by the other. The
question of substitutability is not a simple »ne and the extent
of substitution depends on the nature of the simulation, the
eguipment being simule.ed, and the axtent of training provided,
Within these 14 programs are examples of four different rela-
tions between simulators and actual equipment trainers.

The MA-3 Test Bench and 6883 Test Lanch programs il-
lustrate cases approaching pure substitution. Each program

provides training in both the operation of a test bench (i.e.,

maintenance of operational equipment) and mainrenance of the

test bench itself. Fach simulator was designed to replace
some (but not necessarily all) operational equipment that had

been used for training.
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In the case of the AWACS system, the navigation system

simulator has been used to implement a substitution of school
| training for on-the-job training (0JT). Prior to introduction
; of the simulator, formal (school) training was limited to the
classroom, and hands-on systems tvaining was provided only as
OJT at an operational base. Introduction of the simulator
permitted the hands-on training to commence at the training
school and should result in a shorter period of OJT before
personnel are qualified for independent work.

Trident radio room training employs both the simula-
tors and a modified complete operational radio room (actual
equipment trainer). That is, they complemerit one another,
with each contributing to different elements of the curriculum.
N They are also substitutes. An early assessment of Trident
training requirements developed two alternative equipment
configurations for radio room training. One was the current
combination of simulation and AET. The second was the use of
three AETs only. The choice of the combination of actual equip-
ment and simulation was based, at least in part, on cost con-
siderations.

Iin the case of several other programs, both actual
equipment and simulators are used, but for somewhat different
reasons. The A-6 TRAM DRS contains both electronic and mech-
anical components. The simulator is limited to training on
the electronic portion of the system, and the actual eguipment
is required for the mechanical training. None of the organiza-
tional echelon aviation simulators can whollv substitute for

operational equipment. Typically, both organizational and

intermediate maintenance training is provided at the same
location and, frequently, in the same training course. The
intermediate level training will require actual equipment, but
normally in the form of individual components rather than an

integrated system.
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The cost effectiveness of simulation for training
maintenance skills depends upon its impact on total training
costs. Variations in the substitutability of simulators for
actual equipment trainers imply that simple comparisons of the
relative costs of the two types of training equipment cannot
be taken as reliable guides to the relative costs of training.
Assessments of the cost advantage of using simulation must be
based on comparisons of the total costs of satisfying particular

training requirements with and without such simulators.
D. STRUCTURE FOR COLLECTING COST DATA

The set of cost elements shown in Table 13 is an initial
formulation of a functional cnst structure for collecting data
to develop cost-estimating relationships and other tools for
assessing the costs of maintenance training simulators. It is
a mixture of elements that are generally associated with other
types of military equipment as well as those that seem particu-
larly relevant to processor-driven simulators; it relies heavily
on discussions with people who have had experience with simula-
tor procurements.

This cost element set is incomplete in two ways. First,
it is at a level of aggregation that may prove insufficient for
identifying the basic cost drivers. Second, even at this rela-
tively high level of aggregation, we are uncertain that it is
fully specified. With our current knowledge regarding the
determinants of cost, it does not appear feasible to carry the
specification further.

This struct ire does, though, treat the two important cost
characteristics ol maintenance training simulators evident 1in
the data currentlv available -- the separation of recurring from
non-recurring costs to identify program development costs and
the separation of software (and courseware) from other develop-

ment costs to identify the (apparently) dominant regquirement,
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TABLE 13.

Front End Analysis
Task Analysis
Performance Specification
Engineering Specification

Design and Develcpment
Hardware
Software
Courseware
Technical Data

.
Test and Evaluation
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Training Effectiveness

..
.

Fabrication

Hardware

Installation and Check-out

Special Tools/Test Equipmant

Logistics Support
Interim Maintenance Suppcrt
Other

Facilities (Construction/Modification)

Initial Training

Program Management

COST DATA STRUCTURE
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Further, it is structured as a matrix. Several contractors

may be involved in a single program; one contractor may be
engaged in several (sequential) contracts on a single program;
programs are generally sectioned into distinct and identifiable
phases; and, changes in program scope and statements of work
are frequent. In each case, the types of work and relations
among costs may differ in systematic fashion, and these dif-
ferences should be preserved in whatever data are collected.

A major problem with formulatiny a structure for collect-
ing cost data at this time is the current paucity of data.

There is no general requirement for systematic and periodic
reporting of all elements of the costs incurred by contractors
of training equipment. With a single exception, standardized
work breakdown structurc:: (WBS) for training equipment have
not been developed and employed; thus even if contractor costs
were to be reported, there would likely be incompatabilities
among the data from different programs.

A periodic cost reporting system addressed to simuldators
should be based on a single basic WBS that would be applicable
to a variety of simulator types and other training equipments
and serve both program-management and cost-assessment functions.
The Army is currently developing a general WBS for all training
equipment. 1t has yet to be imposed on a procurement program,
and it appears to be directed only to cost assessment. The Air
Force has developed a WBS that has been used for both management
and cost assessment, but its application is limited to flight
simulators. There appear to be significant differences between
these two striuctures, and neither seems to satisfy the criterion
of general applicability (e.g., neither appears to provide for
a definitive separation of recurring and non-recurring costs).

In general, the program costs collected during this project
(contained in Appendix B) are assessed in the format of Table 13.
A next step in assescsing the format (i.e., the adequacy of data

it displays) would be to obtain measures of simulator physical
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and performance characteristics for the current programs, to
test for relationships between these characteristics and levels
of costs and, since this structure addresses only assessment of ?

costs, to reconcile it with the data requirements of program
management.

E. COSTS OF MAINTENANCE TRAINING SIMULATORS

1. Standard Systems

For practical purposes, the data now available on stand-

ardized systems are insufficient for analysis of cost and es- .
pecially for relating costs to physical and performance charac- E
teristics of the trainers. Almost all procurements are under ?
FFP contracts where formal documentation is typically limited L)
to performance specifications issued with the request for pro-

posal (RFP), contractors' technical proposals, and the contract

itself. The physical and performance characteristics may

change, as the result either of contract negotiations or of

subsequent contract modifications, with the corresponding docu-

mentation not being revised.

Cost documentation is normally limited to the line-item

structure of the contract; for the standard systems this is L |
sketchy at best and can be misleading. A major problem is that

contract line-item structures are in terms of the products (or
deliverables) that result from the contract (e.g., trainers,

data, contractor field services, conferences), While this 4
structure does provide useful information for cost control and

management, it provides none of the attrikbutes of a functional

WBS necessary for evaluation, The contract line item "trainers"

typically encompasses over 70 percent of a total contract value. L]
Within this 70 percent are contained (or hidden) those cost dis-

tinctions that allow simulator and procurement program charac-

teristics to be related to program.cost (e.g., between recurring

and non-recurring costs, between development and fabricatior, L]

between hardware and software).
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Nine contracts were reviewed, and the information they con-
tain is shown in Table 14. (In the discussion below, these con-
tracts are referred to according to the column number of the
table.) This set of contracts includes four models of standard-
ized systems built by three contractors and appears to present a
representative sample of available data.

Individual contracts show a wide range in the number of
different types of trainers or simulation models developed (1
to 27), the number of trainers procured (2 vo 114), and their
average cousts (from under $10,000 to over $80,000). An impor-
tant feature for assessing costs is that most contracts involve
development and procurement of trainers for a number of training
applications and several copies of each type of trainer.

The line item listing shown in Table 14 is close to the full
cost detail given in the contracts. The only items contained
in the "other" cateogry are conferences, treining, and reliabil-
ity and maintainability programs and demonstrations. A separate
line item is normally shown for each type of trainer delivered
on the contract, but that single line will contain the cost of
hoth the first or prototype unit (with the development costs
it entails) and all follow-on units.

Separation of costs between the prototype and follow-on
units is contained only in contracts 1, 6, and 9. In contract
1, che same unit cost is charged to all 101 follow-on units; in
contract 9, follow-on units (not included in the Table 14 values)
are specified as a contract option at a cost different from the
prototypes, but four of the six trainer types are attributed
with the same follow-on unit cost. 1In three other contracts,
the same unit cost is charged to several different types of
trainers (both prototypes and follow-ons). In contract 1, the
average ratio of prototype to follow-on unit costs is approxi-
mately 16 to 1, while in contract 9 the ratio averages 3 to 1.

Since ECC is the contractor in each case (although different
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TABLE 14. STANDARD SIMULATOR CONTRACT INFORMATION AND COSTS f !
(NINE CONTRACTS) |
i
Contract?
1 2 3 a 5 6 7 8 9°
; Service Navy Navy Navy Navy Army Army Army Army Army
, Fiscal Year of Contract 1975 1978 1979 1978 1978 1977 1978 1979 1979
Simutator Model ECII £CS Ridgcway Burtek EC3 EC3 EC3 Ridgeway EC3
' Type of Contract FFP FFP FFP FFP FFP FFpP FFP FFP FPIF
Contract Value (000) $1,137 $1,301 $1,131 $259 $552 $1,770 $1,556 $236 $2,651
Number of Trainers Procured 114¢ 91 103 2 17 72 28 4 13 )
Numbe. of Simulation Models
Developed 13 14 18 2 5 7 1 1 [}
Average Number of Trainers of c
Each Type 4.2 6.5 5.7 1.0 3.4 10.3 25 4.0 2.0
Average Contract Cost Per Trainer
Delivery (N0NQ) $9.9 $14.3 $11.0 $129.5 $32.5 $24.6 $55.6 $59.0 $203.9
Average Cost of Trafners (000) $23.8 | $18.3 | s3s.0 | s$26.6 | $82.6¢
S Range of Unit Cost of Trainers (000) € |$4.9416.9(96.5-9.0| $56 & 61
Contract Costs by Line Item (000)
Trainers (including installa-
tion)f $901 $1,268 $805 $117 $410 $1,363 $1,065 $106 $1,548
Technical Data 142 81 27 93 18 244 57 18 293
p Interim Support 19 15 7% 17 60 70 304 4 73
Factory Repair of Spares
and Parts 5 45 20 10 7%
Contract Field Service 40 12 25 12 110 145
Spares and Spare Parts 38 10 50 3 70
Support and Test Equipment
and Tools 22 65 9 8 18 10 30
Logistic Support Analysis 29 145
Other 10 3 24 8 n 52 13 8 4371
Contract Total 1,132 1,482 1,13 259 552 1,769 1,663 236 2,641
deveral contracts have undergone modifications. Where information was available, the values in this table reflect the
modtfications.
bContract fncluded one "hands-on" tratner with a cost of $567 thousand and 12 simulation trainers. Cost of the hands-on
[ trainer is included in the costs telow, except as noted.
Procurement included 16 £C1I consoles, 13 differsnt simulations (66 total devicer) developed on this contract, 11 different
simulations (45 total devices) developed on an earlier contract, and three devices, addressing basic skills, that were
developed by the contractor for the civil market.
dF_)u:1ud1ng cost of the hands-on trainer, ]
“The range of prototype (first unit) costs was $27.9 to $32.2 thousand., A1l follow-on units were priced at $1.8 thousand, 1
regardless of whethei the device was developed in this contract or the earlier contract. Consoles were priced at $16.5 i
thousand each. !
fContrﬂct lines item listings normally show each type of trainer and its costs as a single contract item. However, the costs !
of all trainers of one type will generally be contained in that single entry.
Tncludes $170 thousand for claims resulting from contract modifications and $241 thousand for extensions to the software 4 I
L. __system deschqd as "for test set(s), procedure and performance monitoring,, . ",
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standard systems are involved), we would expect that the dis-
tinction between recurring and non-recurring functions would

be the same for each contract. If this is true, the wide vari-
ations in the recurring/non-recurring ratios are difficult to

accept. In only two contracts (1 and 6) are the costs of main

- frames and panels shown separately, and the ratio of main frames

to panels varies. No contract provides for a separation of
functions associated with development (e.g., hardware, course-
ware) except for technical data, and in this case a single line
entry applies to all trainers included in the contract.

There is a considerable difference in the structure of
costs among the contracts, and it appears that the meanings of
contract line-item names have not been consistently applied.
For example, contracts 2 and 3 involve deliveriee (by different
contractors) of devices that satisfy the same training applica-
tion and have display panels constructed to a single specifica-
tion. On the basis of the ranges of unit costs that are given,
it would appear that ECC costs are higher. However, on the
basis of average contract cost per delivery (total contract
value divided by the number of trainers procured) the difference
is considerably narrower, and it would appear that a number of
contract functions that are costed separately in the Ridgeway
contract are included under the cost of the trainers in the
ECC contract.

This discouraging essessment of available data has been
reinforced by discussions with procurement office personnel at
the Naval Training Fquipment Center (NTEC). Several have
expressed opinions on two points that impact on the validity
of contract item costs. One is that contract negotiators focus
on "bottom-line" (total) costs and that, within this constraint,
contractor representatives will trade-off the amounts charged
to individual line-items until the relationships among them
look "reasonable". The second point is that contractors have

an incentive to inflate the cost of simpler devices and to
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deflate the cost of the more complex devices. 1In this way, as
contractors are successful in delivering the simpler devices
early in a contract, they can speed up their receipt of progress
payments relative to actual expenses. One result of these prac-
tices is that the relationships among different elements of
contract costs will be distorted, and providing more detailed
cost statements will do little or nothing to provide accurate

relationships between physical and performance characteristics
and costs.

2. Non-Standard Systems

The program costs discussed in this section are based on
nine programs for which information was either received in or
translated to the format shown in Table 13. These programs
are discussed briefly and their individual costs displayed in
Appendix B.

The cost information comes from two sources. One consists
of contracts and contractors' proposals; there is no way to
determine if the level and structure of costs contained in
these early estimates did occur. The second source is program
office estimates of incurred costs based on the records and the
expertise of program office personnel.

In either case, there is no way to compare these estimates
against true costs. Simulator programs fall below the cost
threshold of major procurements for which contractors are re-
quired to submit periodic reports in a proscribed WBS. Contrac-
tors employ different terminologies; the structure of their
accounting systems differ, and there is an ever-present possi-
bility of misinterpretation in translating the available infor-
mation into the categories and format shown in Table 13. Con-
sidering the wide range of possible differences among simula-
tors and simulator procurement programs, we question whether a
sample of nine programs is satisfactory. However, it does pro-
vide insights into two important cost characteristics that are

discussed below.
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Table 15 shows the percent distribution of program total
cost, according to cost element, in terms of the lowest and
highest observed percentages in this table and the average of
the percentages. Note that the percentages have been normal-
ized in the following two ways:

1. Recurring preoduction costs have been adjusted to the
level of costs that would have been incurred if only
one unit had been produced by dividing recurring fab-
rication costs by the quantity fabricated. This ad-
justment provides a consistent base for the relation
between recurring and non-recurring costs.

2. The MA-3 and 6883 Test Bench research programs incurred
significant costs for evaluation that were not included
in calculating the test and evaluation percentages in
order that all simulator programs might be treated as
though they were intended for main-line training.

Two distinct patterns emerge from this small sample. The
first is the consistently high proportion of total costs that
are devoted tc the non-recurring functions (primarily design
and development) when small production quantities are involved.
Further, the average recurring production cost (18 percent) is
probably overstated as only the AT Trainer and 6883 Test Bench
programs identified the non-recurring* portion of fabrication
cost that, in these cases, averaged 40 percent of the first
unit recurring fabrication cost.

Figure 4 is a plot of the non-recurring percentages when
program costs are adjusted only to exclude evaluation costs
of the MA-3 and 6883. The outlying high point is the AWACS
Navigation/Guidance system program, and there is no explanation
why the percentage is this high., The outlying low point is the

Visual Target Acquisition System (VTAS) program. A review of

*Tooling, planning, and the other requirements normally charged
to production accounts that do not increase with quantity.
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TABLE 15.
EIGHT NON-STANDARD SIMULATOR PROGRAMS (NORMALIZED)a

PERCENT DISTRIBUTIONS OF COST BY CATEGORY FOR

Percentage Distributlons
Lowest Highest Average of
Cost Category Observed in | Observed in | Obscrved
Any Program | Any Program | Percentages
Non-recurring Costs
Front End Analysis 0 18 8
Design and Development 34 81 54
Hardware 2 35 16
Software/Coursewareb 12 53¢ 31
Technical Data 0 21 6
Hardware Fabrication (Non—r'ecur‘ring)d 4 6 5
Test and Evaluation® 1 3 1
Program Management 3 24 1
Total Non-recurring 61 92 78
Pecurring Costs

Production 5 38 18
Hardware Fabrication 4 36 15
Other 0 9 4
Logistic Support 0 13f 5
Initial Training 0 4 2
Total Recurring 8 39 25

aRecurm’ng production costs were adjusted to reflect a production quantity of one;
test and evaluation costs of the research programs were not included.

bData on several programs did not separate software and courseware development
costs. In this table and remainder of this section, these cost elements are
combined and referred to as "software/courseware."

“The high percentage case is a program that incurred software problems because of

concurrency. The next highest program incurred 42 percent of total costs for
software/courseware,

dBased on two programs.
€Based on six programs.

fThe two highest percentages arose from (1) development of a complete depot
maintenance facility and (2) over three years of contractor maintenance
during an extensive evaluation program. The next highest percentage is 7.
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FIGURE 4. Non-recurring cost as a percent of
progyram total cost according to
quantity fabricated

the VTAS simulation and features of the procurement program
suggests that it is different in some fashion from other cur-
rent (and probably future) non-standard simulator programs.
Other than the research and in-house programs, VTAS was initi-
ated 2 years earlier than any other non-standard simulator.
Also, the avionics sy:stem simulated was quite simple by the
then-current standards and the training requirement was simi-
larly simple. Thes: considerations suggest possible differences
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in the mix of resources employed and the contractor's organiza-
tion and management of the program. 1In either case, the differ-
fces would impact on the percent distributions.

The TRAM DRS program incurred a large cost for so’u-
ware chany. s resulting from changes in the operational hard-
ware. When the change costs are disregarded, the percentage
i3 quite consistent w’ -h the other programs. The split be-
tween recurriny ind non-recurring costs was available for the
F-135 simulator program. The percentages associated with this
program (the shaded area) are consistent with the pattern of
the otner six. It would appear that production quantities
of five and over are required before recurring costs will
equal non-recurring costs.

The second feature to emerge is the high cost of develop-
ing software aad .ourseware., Within this sample, the combined
cose nf software and courseware averages over 30 percent of
total program costs (as adjusted to reflect production of one
unit) ~And over 40 percent of total design/development costs
(with a range from 17 to 72 percent). When software/coursewarn
costs are plotted against total costs (not adjusted for the
production quantity) no distinctive relationships are evident
(Fig. 5).

We have no explanation for the absence of an orderly
pattern or {or the wide range of observed percentages. This
small sample contains programs with diverse characteristics
and, on a case-by-cise bhasis, a number of reasons appear
pltansible, A likely reason for at least part of the range
of values 1 differcences in accounting practices among cnn-
rractors. Tt is also possible that our inability to separate
csoftware and courseware serves to obscure underlying relation-
ships that may be present. Further data and analyses will te
required to provide any understanding of the determinants of
cost. Considering the magnirude of the costs in this sample,

such data and analyses arce warranted.
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FIGURE 5. Software/courseware cost as a percent of
program total cost, according to quantity
fabricated

It is unfortunate that available data do not permit the

separation of software and courseware development costs (or,

for the standard systems, the scparation of software and course-

ware from hardware development and production costs). It is
quite evident, at least for the non-standard systems, that

software and courseware are significant cost items. A relevant
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question, then, is how these costs can be reduced for future
simulation systems. One promising avenue appears to be the
development of a single software system with the following
attributes: (1) it would be non-proprietary (e.g., owned by
the government, (2) it would permit courseware to be written
in a high-level language that could be composed and/or modified
by (e.g.) in-house subject matter experts, (3) it would be suf-
ficiently general that its use could be imposed as a contract
condition or design parameter. The development of the Ada
language may be a large step in this direction.

This concept is not without problems of implementation.
It is only reasonable to expect contractors to resist use of
such a non-proprietary system. By definition, the standard
systems employ nroprietary standardized software. Some of the
contractors of non-standard systems appear t»> have put efforts
into developing their own software systems. In both cases,
contractors have expended assets in the development of these
sof tware packages, the values of which would be greatly dimin-~
ished.

Figures 4 and 5 focus on one problem in idenrifying train-

ing programs as candidates for simulation. Judging by the cur-
rent non-standard simulator programs, most maintenance simulator
applications arise in system-speciftic training and particularly
in aviation training. Thi: type of training is generally pro-
vided at a small number of ites and requires a limited numher
of training devices, implying a limited potential for quantity
production of a particular model of training simulator and thus
a limited opportunity for reducing simulator costs through their
widespread adoption. From a cost standpoint, the more promising
employments lie in the training of general skills and system-
specific training fo1r widely held equipments where a relatively

large number of simulators can be used.
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F. SUMMARY

For assessing co. ts of maintenance training simulators, it
is useful to distinguish between what are defined as "standard,"
"non-standard," and "CAI-like" sytems. Differences among these
three classes lie in the following areas:

e Physical characteristics,

e Complexity and <zost,

® Extent of use within the Services, and

e Contracting practices employed for their procurement.

A standard system consists of a standardized physical configura-
tion that can be adapted to many training applications through
courseware and pictorial representations that are tailored to
the particular equipment being simulated. Non-standard systems
are typically unique, in total, for each specific training
application. A CAI-like system typically uses a 2-dimensional
display (e.g., CRT, random access slide projector) to present
lesson materials, and ~an simulate different equipments through
courseware introduced into its computer.

Available cost data are not adequate for developing the
cost relationzhips necessary for comparative assessments of
alternative maintenance training simulators., Factors contribut-
ing to this condition are as follows.

® Simulator programs fall below the cost threshold for
periodic reporting of incurred costs in a standard WBS.

e The data that are available may contain systematic
hbiases so that their reliability may be questioned.

e For the standard systems firm-fixed-price (FFI’) contracts
have been prevalent; the only generally availabhle cost
information is limited to precontract documentation and
the contracts themselves,

® Within the small number of non-standard systems that

have been built, there has been a wide ranqge of program
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arrangements and purposes, device complexity and char-

acteristics, and training capabilities. It is doubtful
whether this small number would provide a satisfactory
base for developing a cost-analysis capability.

e For practical purposes, cost data on CAI-like maintenance

simulator system costs are not available. Only one
experimental system has been built, and contracts for
prototype development of two other systems have only
recently been let.

There is an ohvious advantage in the concurrent develop-
ment of operational and training equipments so that trainers
are available at the time operational equipment is first
fielded. However, this practice entails risk since the opera-
tional equipment is subject to continual change and even minor
changes may result in high cost modifications to training
simulators (especially to the simulation software and course-
ware).

For the non-standard simulators, non-recurring costs
account for the major portion of total costs when production
quantities are small (e.g., five or less). However, most
potential applications appear to be in weapon-system-specific
training (especially in aviation) where a limited number of
devices would be required.

For the non-standard simulators, software/courseware
{(i.e., program design and programming) appears to be the
single largest element of cost. Where cost overruns have
occurred, they appear to have heen primarily due to software
development problems. There should be a significant cost
advantage gained by development of a widely applicable and

non-proprietary software system.

78

- ———



IV. COST-EFFECTIVENESS OF MAINTENANCE SIMULATORS

The crucial question is whether maintenance simulators are
cost-effective for training military technicians, Since cost,
effectiveness, and cost-effectiveness are not, in themselves,
absolute quantities, this question must be answered in relative
terms, i.e., compared to what else is a particular maintenance
simulator cost-effective? All of the studies with relevant data
compared the cost and effectiveness of maintenance simulators to
that of actual equipment trainers.

With respect to effectiveness, the data from 12 studies
show that student achievement at school is about the same for
those trainred with simulators as for those trained with actual
equipment trainers; there was one case where students trained
with simulators had poorer achievement scores. We would prefer
to estimate the effectiveness of maintenance simulators and of
actual equipment trainers by comparing the performance of tech-
nicians (trained with one or the other) on the job rather than
just at school. Job performance could be measured by data such
as the time needed to identify malfunctions and to repair or
replace faulty components, the number (or percent) of repairs
where qgood parts were removed unnecessarily or bad parts not
identified and so on.

No evaluation of a maintenance simulator reported objective
job performance data. In one study, supervisors' ratings (i.e.,
subjective data) showed about the same level of job performance
for technicians trained with the 6883 Test Station 3-dimensional
maintenance simulator or the actual equipment (Cicchinelli et al.,
1980). Based on the data on student achievaement at school and

the one case of supervisors' retings of on the job performance,
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we conclude that maintenance simulators and actual equipment
trainers are equally effective for training maintenance tech-
nicians.,

This finding is based on a wide spectrum of simulators,
i.e., maintenance simulators of radars, vehicles, electromechan-
ical equipment, 2-D and 3-D designs, and simulators that are
used for training organizational and intermediate maintenance.
It would be tempting to infer that one type of simulator or a
particular way of using them, among these classes, is more ef-
fective than another. No such breakdown appears possible with
the limited dats available. We cannot answer such interesting
questions as how effectiveness might vary with cost or how
cost might vary with effectiveness, because no such trade-offs
have been undertaken. We have only one-point comparisons of the
costs of maintenance simulators and of actual equipment trainers
that have been shown to have equal effectiveness for training
at school. So, we are left with the gene. al conclusion, &s
stated above, that maintenance simulators and actual equiypment
trainers are cqually effective for training technicians.

Our evaluation of costs uses the cost data presented in
Chapter III; these describe ac¢quisition but not life-cycle
costs. ‘The costs of acquiring actual eqguipment or simulators
do not include the costs of their use for training purposes,
e.n., the operating costs of training such as instruvctors,
student pav and support, maintenance of training equipment,
and manag=ment of the school. A cost-effectiveness evaluation
based on acquisition costs alone must be regarded as incomplete
compared to cne that i1ncludes all life-cycle costs. A single
exception, in the ~ase of the life-cycle cost comparison of
the 6583 Tect Stand 3-D simulator and actual equipment trainer,
reported by Cicchinelli et al. (1980), will be considered
separately.

Table 16 shows the acquisition costs of comparable simu-

latore, actual equipment trainers, and operational equipment
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(before modification for use in training) in 20 maintenance
. simulato, programs. It is important to understand the different
types of cost data shown in this Table.
Ope¢raticnal Equipment Unit-Cost - Production cost of an

additional unit of equipment desiijned to meet some

’ military purpose; these values do not include RDT&E
costs. Where the costs of an actual equipment trainer
are not available, these costs are used as a proxy
for actual equipment cost.

} Actual Equipment Trainer Unit Cost - Cost of operational
equipment, immediately above, that has been adapted

.\ for use in training, e.g., power, special inputs and

controls, etc. Such modifications require additional
| costs.

Simulator Total Program Cost - Cost of RDT&E, prototypes,

and manufacturing facilities needed to produce one
or more maintenance simulators. 1In our sample of 20
! simulator programs for which total program cost data
could be compiled, there were 12 instances in which
only one simulator was built; in the eignht other
programs, from 2 to 36 units were built.
) Simulator Normalized Total Program Cost - Total prodaction

costs adjusted to reflect a production quantity of one;

includes the costs of research and development but not

test and evaluation of simulators developed in research
) programs.

Simulator Unit Recurring Fabrication Cost - The cost of

producing a follow-on unit of equipment after the
costs of RDT&E, prototypes, and manufacturing facil-

» ities have been accounted for. This is a maximum
value; where data did not provide a separation between
recurring and non-recurring production costs, the
value shown is total production cost. No value is

» shown where cost data did not allow an estimate of
production cost,
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There are, thus, several ways to compare the costs of ac-
quiring mair.tenance simulators and actual equipment trainers.
The cost of an actual equipment trainer is set, approximately,
by the incremental cost of procuring one additional unit of
operational equipment plus the cost of any modification neces-
sary for its use in a classroom. This is a unit recurring
fabrication cost, devoid of RDT&E and non-recurring production
costs. We have these costs for six AETs Where AETs have not
been built, we can use the operational equipment unit cost a:

a surrogate AET ccst for comparing the costs of simulators and
AETs.

The average ratio of AET unit cost: operational equipment
unit cost is 1.27; that is, AETs cost, on the average, about
25 percent more than operational equipment before the latter
is modified for training (Table 17); the data are based on only
five cases, These ratios, which vary from 1.00 to 1.59, presum-
ably relate to the degree of modification involved in the vari-
ncus cases; whether further modification at even greater cost
would improve the eifectiveness of instruction has not been
examined.

We will estimate the cost of acquiring a maintenance simu-
lator in two ways. The first estimate includes non-recurring
costs (e.g., research, development, and manufacturing facilities)
and the costs of manufacturing one unit. This value is the nor-
malized total program cost, as defined above. The second esti-
mate includes only the unit recurring fabriration cost (as de-
fined above), i.e, the cost to produce an additional unit
(after research, development, and other non-recurring functions
have been accomplished). FEach of these estimates is relevant be-
cause of the large disparity between recurring and non-recurring
costs. Maintenance simulator programs have typically involved
small gquantities so that relative cost-effectiveness of their

use will vary areatly with quantity procured. To the extent

84




TABLE 17. COMPARISON OF THE ACOUISITION COSTS OF
ACTUAL EQUIPMENT TRAINERS AND COMPARABLE OPERATIONAL EQUIPMENT
BEFORE IT WAS CONFIGURED FOR TRAINING

Unit Cost
(thousands of dollars)
Actual Cost Ratio:
02:;?;;22:1 Equipmerit AET/Operational
Trainer Equipmant
MA-3 110 175 1.59
Trident Integrated 12,100 17,500 1.45
Radio Room
Trident High Pressure 315 400 1.27
Air Compressor
Trident Air Conditioner 530 550 1.04
F-111 Avionics Test 1,955 1,955 1.00
Bench (6883 Test Stand)
Mean 1.27

permitted by the data, we have estimated the recurring costs
even if only one unit was .ctually fabricated.

The actual equipment trainers and operational equipment
shown in Table 16 vary widely in cost (from $4%5,000 to
$17,500,000). Therefore, we have used ratios to compare the
costs of simulators and actual egquipment trainers. The central
tendencies of the cost ratios, for both the normalized total
program and unit recurring estimates, are shown at the hottom
of Table l6.

Plots of the individual ratios of estimated simulator
costs (both recurring fabrication and normalized wrogram) to

actual cequipment trainer and operational equipment costs are
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shown in Figs. 6 and 7.* In both figures the operational equip-

ment costs have been adjusted by the average ratio of costs de-
veloped in Table 17. With two exceptions, the recurring fabri-
cation costs of simulators (Fig. 6) are 20 percent or less of
the costs of either operational eguipment (as adjusted) or
actual equipment trainers, and this conclusion does not depend
upon including operational equipment in the sample. Nine of
the 11 cases (80 percent) fall below this arbitrary threshold,
but there is a large dispersion among them ranging from 3 to

19 percent. Available data provide no explanation for this
range. The available data provide sore insight into the two
cases that fall abo -+ 20 percent. The VTAS simulates avionics
equipment that has been out of procurement for many years, and
we suspect that the cost of the operational equipment is seri-
ously underestimated. The MA-3 is a rescarch device and may
contain featurcs that serve only the research function. How-
ever, it does not appear reasonable that these special features
alone would account for its relatively high cost.

The relationship between simulator normalized program costs
and the costs of actual equipment trainers or operational equip-
ment are not as clear-cut (Fig. 7). In seven of the 11 cases
the simulator cost is less than 60 percent of the cost of the
actual equipment trainer or operational equipment (with a range
of 25 to 55 percent). However, in the other four cases, the
percentages range from 160 to 400. At first appcarance, this
sample seems to come from two populations, but we can find no
support for this argument in the characteristics of either the
simulators or the procurement programs. Similar to the previous

ratios of recurring (fabrication) to actual equipment costs,

*The Trident IRR maintenance trainer has been excluded from
this analysis as it appears to he as much a complement to as
a substitute for either the actual equipment traincor or the
operations/maintenance trainer.
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the VTAS and MA-3 simulators are "outliers" here too, and we
suspect for the same reasons. The AT Trainer also simulates
avicnics equipment that has been out of production for a number
of years, and we suspect the cost of the operational equipment
is considerably underestimated. We have no explanation for the
relatively high cost of the AWACS Navigation/Guidance Simulator.
The contractor of this program incurred a significant (and non-
reimbursed) overrun that has been attributed to his independent
development of a courseware translation system {discussed in
Appendix B). Even when cthe overrun is subtracted, the normal-
ized program cost still exceeds the full adjusted cost of the
operational equipment by close to 25 percent.

Note that three of the four cases with relatively high
cost ratios involve the comparisons with adjusted operational
eguipment costs, and again, it appears that the sample comes
from two populations. For example, in 80 percent of the cases
where ratios are based on actual eguipment trainers, the simu-
lator normalized Hrogram cost is less than 50 percent of the
unit cost of the actual equipment trainer; for those ratios
based on adjusted operational equipment costs, the normalized
program cost is greater than 50 percent of the unit operational
equipment cost in 80 percen:t of tne cases. We can find no
rationale for this observation. No such distinction can be
made with respect to simulator recurring fabrication cost, and
we {eel it is spurious.

The cost-effectiveness of a maintenance simulator on a
life-cycle basis has been evaluated only in one case, that of
the Air Force 6883 Test Stand 3-dimensional simulator and actual
equipment trainer (Cicchinelli, Harmon, Keller, et al., 1980).
In a later study, these authors will also evaluate a 2-dimen-
sional version cf this simulator. The 3-dimensional simulator
and actual eguipment trainer were equally cffective when meas-

b . .
ured by student achievement at school; supervisors' ratings
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showed no difference between the job performance of students

trained either way for periods up to 32 weeks after leaving !

school. !
The life-cycle cost comparison cf # . . and actual
eguipment trainer is shown in Table 1 . cLove wore estimoLlizA
in constant 1978 dollars over a 15-year pr-. - = + discounted
at 10 percent. The results show that t»- cc . * student hour |
was $23 for the simulator and $60 for t = acwual equipment
trainer, i.e., 38 percent as much for the simulator, compared
to the actual equipment trainer, for all costs over a l5-year
period. The simulator cost less to procure ($594,000 vs
$2,104,000, or 28 percent as much) and less to operate
($1,588,000 vs $3,367,000 or 47 percent as much) over a 15-year
period.
Using net present value (1978 constant dollars), the recur-
ring costs were $1,791,000 or 85 percent of the non-recurring
costs of the actual equipment trainer. The recurring costs of
the simulator were $906,000 or 152 percent of its non-recurring
costs.
We draw the following conclusions:
Cost: Maintenance simulators cost less than actual equip-
ment trainers. On the average, to develop and fabricate
one simulator costs less than 60 percent of the cost of
an actual equipment trainer; to fabricate one unit of a
simulator (once .  has been developed) costs less than 20
percent of the cost of an actual equipment trainer. How-
ever, there is a large dispersion about these averages.
Effectiveness: Achievement at school is the same whether
students are trained with maintenance simulators or with
actual equipment trainers. This finding applies to 12 out P
of 13 cases in which such comparisons were made. There-
fore, maintenance simulators are cost-effective compared
to actual equipment trainers.
®
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TABLE 18, LIFE-CYCLE COST COMPARISON OF 6883 TEST STAND,
ACTUAL EQUIPMENT TRAINER AND 3-DIMENSIONAL SIMULATOR?

Costs
(thoysands of dollars)
. Actual Equipment Trainer 3-Dimens fonal
Cost Category Non- Non-
recurring Recurring recurring Recurring
Costs Costs Cos.s Costs
Facilities 1 110 1 110
Equipment 2104 2798 594 1000
Instructional
matarials 28 26
Instructors and
overhead 73 94
Students and
support 358 358
Total 2105 3367 595 1588
[ Grand Total 5472 2183
(Net present
value, 1978) (3896) {1501)
Cost per cstudent
hourd $60 $23
destimated based on 15-year life cycle discounted at 10 percent, in 1978
constant dollars, Modified from data presented in Cicchinelli, Harmon,
Keller, et al., 1980, p. 67-69. Table corrected to snow cost of instruc-
tors fur simulator and cost per student hour over a 15-year period for
AET and simulator, based on discussion with senior author. Analysis
assumes 720 instructor hours per year and operation of equipment for
2.1 shifts per day to handle student load.
b180 students per yr x 3 days per student x 8 student hrs per day x 15
yrs = 64,800 total student hours.

This finding is necessarily qualified by the limited nature
of the data from which it is derived. Effectiveness, as used
here, is based on performance demonstirated at school rather than
on the job. Cost, as used here, refers to the initial costs of
acqguiring training equipment and does not include the costs
associated with the operation of sinmulators or of actual equip-

ment for training, e.g., maintenance and upkeep, instructors and
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support personnel, student time, and the like. 1In the one case

where a life-cycle cost comparison was made, total custs over a

15-year period for the 6883 Test Stand 3-dimensional simulator ¢
was 38 percent as much as for the actual equipment trainer.

Both were equally effective, as measured by tests at school and

by supervisors' ratings on the job after school.

Insufficient information is available with which to draw
conclusions as to whether 2-D simulators are cost-effective com-
pared with 3-D simulators, the aspects of maintenance training
for which simulators are most effective, and how to allocate
the amount of time, for greatest cost-effectiveness, between
maintenance simulators, actual equipment trainers, and on-the-
job training. All of these topics are matters for further
research, development, test, and evaluation that are discussed
next in this paper.
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V. DISCUSSION

On the basis of data presented in previous chapters, we
find that maintenance simulators are cost-effective compared
with actual equipment trainers. Both are about equally effec-
tive for training maintenance technicians at schools; in general,
maintenance simulators cost less to acquire than do actual equip-
ment trainers. In this chapter, we wish to discuss the signi-
ficance of these findings, the limitations of the data upon
which these findings are hased, and the steps that should be
taken both the improve our knowledge and to increase the cost-
effectiveness of maintenance simulators used to support train-
ing for future systems.

A. EFFECTIVENESS

Students trained on maintenance simulators perform as well
on tests at school as do students trained on actual equipment.
This finding is consistent with results of studies with use of
computer-based instruction for technical courses on electricity,
electronics, vehicle repair, precision measuring equipment, and
weapons mechanic {(i.e., not maintenance training per se).

We would expect that individualized, self-paced instruc-
tion, an inherent characteristic of maintenance simulation,
would save some of the time students need to complete instruc-
tion given with equipment, particularly where the actual equip-
ment trainers are used more for classroom demonstration than for
individua' practice by students. Only three studies of mainte-
nance simulators report data on the time needed by students to

complete their courses (Parker and De Pauli 1967; Rigney, Towne,
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King, et al., 1978; and Swezey 1978). Here, students saved 22,
50, and 50 percent, respectively, of the time needed previously
in courses given with actual equipment trainers. Time savings,
if any, when maintenance simulators are evaluated, should be
recorded in future studies; it is anticipated that the few re-
sults reported so far will be confirmed. It is important to
understand that all finuings, although positive with respect
both to simulators and computer-based instruction, apply only

to training at school; there are no data about the effect that
such training, including that using actual equipment, may have
on job performance in the field. The importance of collecting
information about maintenance performance on the job, and relat-
ing it to method of training at school, can hardly be overempha-
sized.

B. COST

Maintenance simulators appear tc cost less to procure than
do actual equipment trainers. With some exceptions, the cost to
develop and fabricate one simulator is less than 60 percent of
the cost cf an actual equipment trainer, and to fabricate one
unit of a developed simulator is less than 20 percent of the
cost cf an actual equipment trainer. This finding is béesed on
11 cases where meaningful cost comparisons could be devised.
Because of the iimited number of cases, no attempt was made to
investigate the determinants of cost.

It is important to emphasize that these coumparisons are
hased only on procurement costs; they are not life-cycle costs.
Simulators and actual equipment trainers are used for training

over relatively long veriods of time such as, for example, 10

t
vyears. In addition to the costs of acquisition, they incur costs ,
|
for operators, maintenance, instructors, and students. There-
fore, life-cycle costs are more significant than acquisition
costs aione as a basis for evaluating the cnsts of alternative °
1
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training devices. There is one recent estimate that the life-
cycle costs of a training program using a maintenance simulator
(the 6863 Test Station) would be about 40 percent that of one
using the actual equipment (Cicchinelli, Harmon, Keller, et al.,
1980).

However, the cost data that are now available are not ade-
quate for definitive conclusions regarding the cost-effective-
ness of simulators vis-a-vis actual equipment trainers. Some
of the data that are available appear to contain such systematic
biases that their reliability may be questioned. The way in
which maintenance simulators are procured appears to contribute
to the inadequacy of currently available cost data:

® The cost of simulator programs fall below the cost

threshold of major procurements, with their associate
requirements for use of a standard work breakdown
structure (WBS) and for contractor cost reporting
within the WBS structure. Contract line item listings,
that might serve as a functional cost structure, vary
considerably, both among the Services and among separate
contracts within a single Service, with a result that
cost documentation may not be comparable among contracts.
® Most maintenance simulators with standardized suitware
systems have been procured by means of firm-fixed-price
(FFP) contracts. Here, the only costs that are gencrally
available are limited to those spelled out in the con-
tract itself. For the systems with non-standard soft-
ware, fixed-price-incentive-fee (FPIF), and cost-plus
fixed fee (CPFF) contracts, and CPIF have also been
employed. However, FPIF contracts provide the Services
with little leverage in requiring contractors to pro-
vide cost information; none of the program offices that
have employed cost-plus contractors have required con-

tractors to provide this type of data.
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® Some of the maintenance simulators for which cost data
are available were procured primarily for purposes of
research and development. In these cases, both the
prograins and the resulting devices contain features that
would not be present had the devices been intended only
for routine training. Costs for features peculiar to
reszarch may be considerable bhut, in general, they can-
not be identified and separated. Thus, such cost data
probably contain an upward bias.

We believe, but cannot document, that currently

avallable cost data on maintenance simulators must be

gqualified even further for the following reasons: ‘
1. Contractors of some systems with non-standavrd
sof tware appear to have incurred losses that
(in whole or in part) they have not divulged.
This would introduce a downward bias in the
available data. This judgement has been offered
by personnel in the program offices involved.
2. Contracts for standardized systems typically
encompass procurement of several different

simulators; negotiatinns appear to focus on

total contract cost. This has two impacts:
(1) it allows trade-offs among individual con-
tract line-item costs in order that the rela-
tionships among them appear "reasonable" to the
government; (2) contractors have an incentive
to inflate the costs of simpler devices and de-
flate the costs of more complex devices. The
result is to distort the cost relationships
among contract elements.

3. The market appears highly competitive for sim- !
ulators with both standard and non-standard

software, and it ic¢ difficult to get contrac-
tors to provide detailed cost datu.
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4., Within the small sample of non-standard systems,
there exists a wide range of program arrange-
ments, device complexity, physical characteris-
tics, and training capabilities. Considering
this wide spectrum, it is questionable whether
the sample provides a sufficient base for devel-
oping a cost analysis capability, even in the
absence of the cost data problems discussed
above.

C. COST-EFFECTIVENESS

Maintenance simulators appear to be cost-effective compared
to actual equipment trainers for training technicians. Since
the qualifications that apply to this finding have been explained
above, they will only be cited here: the finding is based on
acquisition rather than life-cycle costs, on effectiveness as
measured by the performance of students at school rather than
on the job and only on a limited number of cases (N=1l). Here,
we will try to explain what this finding does and does not tell
us.

We can realize the cost advantages of meintenance simula-
tors only by using them instead of actual equipment trainers
(among other traianing resources) in our maintenance training
programs. This is likely to cause some problems for those who
believe that, even if maintenance simulators are used, it is
still necessary to use actu-~l equipment trainers at school to
train technicians how to work later on actual equipment on the
job. This dilemma can be resolved by comparing on-the-job per-
formance of those trained at school only with different mixes
of both actual equipment trainers and simulators. An evaluation
of on-the-job performance has been reported in only one instance
(Cicchinelli et al., 1980). Here, supervisors' ratings showed
no difference in the job performance of technicians trained
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only with the 6883 Converter/Flight Control System Test Station
3-dimensional Simulator or with the actual equipment trainer.
Additional studies of this type wouid be most welcome.
Suppose that on-the-job performance turns out to be the
! same for students trained only with simulators or with a com-
bination of simulators and actual equipment trainers. If stu-
dents' loads were such that only one item of training equipment f
were required, then the additional costs attributed to the
actual equipment trainer would make the combination more costly
and no more effective than using only the simulator for train-
ing. If simulators cost leses, the same result would also apply
to cases where, because of a large student load, twc or more ’
items of training equipment were required. The school might
N use snme combination of simulators and actual equipment trainets.
T1is type of compromise, while not most cost-effective, might
arpear reasonable to skeptics who believe that actual equipment

tra. 2rs are still required. Since, except for Cicchinelli,
Harmon, Keller, et al., 1980, there are no data to support or
reiect the notion that both actual equipment trainers and simu-
ators are needed for adequate training, there 1s much to be
-ained by collecting the job performance data needed to resolve
wnis dilemma.
Maintenance simulators, it has been argued, cost less and
are more effective than actual equipment trainers because they f

provide feedback to students, provide training in a larger num-
ber of malfunctions than is otherwise possible, and have fewer
breakdowns when used by students. Cost data support the first
claim; although the other claims appear plausible, there are no
data to support (or reject) any of them. Some enterprising mili-
tary laboratory is invited to consider these questions.
Maintenance simulators provide individualized, self-paced

instruction and, because of this, one would expect them to save 3 i
some of the time needed by students to complete the course of ‘
instruction. This result has, in fact, been reported in three
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studies. If confirmed, as we would expect, the cost avoidance

attributable to reduced expense for students' pay and allowances
at school would increase the cost-advantages of simulators,
This type of calculation has not heen included in any evaluation
of maintenance simulators.

It is conceivable that some maintenance simulators would
be more expensive to procure thaan actual equipment trainers for
the same applications. If 211 other things, e.g., effectiveness,
are equal, then we should obviously choose the less expensive
option. However, "all other things" are rarely egual. A simu-
lator- though more expensive to procure than an actual equipment
trainer, might sufficiently shorten student time at school, re-
ducing the need for instructors and support personnel; to be
less expensive on a life-cycle-cost basis; it might also improve
student on-the-job performance sufficiently to be cost-effective
in terms of the combined costs of training and (subsequent)
maintenance. This statement is rot intended to be an argument
in favor of simulators. Rather, it is made to point out that.
up to now, all studies of simulators and actual equipment
trainers have been one-point comparisons, i.e., equal effec-
tiveness and lower costs for simuléators. Since no studies have
been made between training devices of difrering levels of both
ceost and effectiveness and that extend the analvsis to later
performance on the job, it is not yet possible to look for an

optimum combination of maintenance training equipment.
D. RISK OF CONCURRENT DEVELOPMENT

There is an obvious advantage in the concurrent development
of operational and training equipments so that trainers are
available when, and preferably before, the operational equipment
is first fielded. However, this practice also entails risk,
since even minor changes to the operational equipment may result

in large additional costs to modify the training simulators
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(especially in the areas of simulation software and courseware).
In five cases that have been identified as concurrent develop-
pments, a significant portion of final simulator costs has been
attributed to modifications in the operational equipment.
Although the sample is small, it sugyests that concurrency will
increzase the costs of simulator development programs.

It also follows that if simulators for training are de-
veloped only after the design of the operational equipment has
been frozen, the simulators may not be ready for training when
needed. A possible alternative is to train the initial cadre
of personnel with actual equipment or with simulators based on
a preliminary design, krowing that more adequate simulators
will be built later. Whethc~ or not such an alternative is
both effective enough and not too costly is a to'ic for system- ¢
atic study.

E. IMPORTANCE OF SOFTWARE COSTS

Software and courseware (i.e., program design and pro-
gramming) appear to be major elements of cost in non-standard
maintenance simulator systems. No hard data were found on this
point; nevertheless, it is the opinion of individuals who have ;
been involved with the manaygyement of maintenance simulator pro-
grams. According to these individuals, cost overruns that have
occurred have been due primarily to problems in developing
software programs. Should this be true, it points to a cost ‘
advantage to be gained by developiny widely applicable soft-
ware systems for the more complex training applications.
Although no date are available on this point, this would not
apply to standard systems, since the same software system is 1
employed in all applications developed by one contractor.
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F. LIMITED POTENTIAL FOR QUANTITY PRODUCTION

The bulk of potential maintenance simulator applications
appears to arise in system-specific training (as opposed to
general skill training), and a majority of the more promising
candidate applications seem to be associated with aviation
training. However, training for a specific model of aircraft
is concentrated at a small number of sites and involves low
rates of student flow. As a result, there is a limited poten-
tial for quantity production of a given model of simulator
over which development costs can be amortized and a limited
opportunity for reducing unit costs through a widespread adop-

tion of maintenance simulators.

G. WHAT SHOULD BE DONE NEXT

1. Cost-Effectiveness Trade-Off Studies

Maintenance simulators have been found to be cost-effective,
although the data for this finding are limited. There is no
reason to doubt the same result for additional comparisons of
maintenance simulators and actual equipment trainers. Neverthe-
less, we should know how to optimize the design and use of main-
tenance simulators and to be able to make trade-offs between
their effectiveress and cost. There is almost a total lack of
systematic knowledge about the relation (i.e., trade-offs)
between effectiveness and cost in the design and use of mainte-
nance gimulators; for example, what features increase their
effectiveness in particular applications; conversely, little
is known regarding the relationships between simulator features
and their costs. Simulators can, naturally, increase in cost
in many ways, such as by including more malfunctions in their
courseware programs, by providing more complete realism in
appeacance and ftunciional capabilities (in both 3-D and 2-D

designs), and by providing more computer-based, instructional
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guidance to students; the converse of any of these statements
may also be considered. A substantive question is to deter-
mine the extent to which increases in the capability of mainte-
nance simulators (with associated increases in cost) improve
the effectiveness of training, i.e., student performance,
beyond that which can be achieved without these incremental
costs. No studies have been undertaken to explore such func-
tional relationships, except for the still-to-be-completed
effort of Cicchinelli, Harmon, Keller, et al., 1980 that will
compare 2-D and 3-D versions of the 6883 Test Stand.

2. Validate Simulators with Performance on the Job

Student performance at school is, at best, an indirect
measure for evaluating the benefits of simulators, compared to
actual equipment trainers, at schools. The real issue is to
compare how training with either of these devices improves the
ability of courue graduates to maintain equipment on the job.
The purpose of school training is to qualify students to per-
form well on jobs in the field and not, per se, to complete
a course at school. Datu to show the effectiveness of main-
tenance simulators, compared to actual equipment trainers, as
measur~d by field performance, is totally lacking and is essen-
tial for definitive evaluations. Cicchinelli, Harmon, Keller,
et al., 1980, an oft-cited reference in this paper, reported
supervisors' ratings of on-the-job performance of course grad-
uates but did not collect objective data on the actual perfor-

mance of these individuals.

3. VFidelity of Simulation

Instructors, in general, favor the use of actual equip-
ment, rather than simulators, for the training of maintenance
personnel. Reasons given for this preference are that students
need to train with actual equipment and that the lack of real-
ism in simulators can interfere with effective training. Such
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reasons cannot be dismissed, because the views of instructors
can influence the way in which simulators are used in a course;
an inappropriate use of a simulator may easily make it not inef-
fective and therefore not efficient for training.

A numrer of studies have shown that low-cost devices, such
as mock-ups, charts, and flat panel simulators are as effective
as real equipment for training personnel to operate (rather thkan
maintain) equipment (Grimsley 1969; Denenberg 1954; Torkelson
1954; Swanson 1954; Vris 1955; Spangenberg 1974; French and
Martin 1957; Prophet and Boyd 1970, Dougherty, Houston, and
Nicklas 1957; and Cox, Wood, Boren et al., 1965. Useful reviews
of this topic may be found in Micheli 1972, Kinkade and Wheaton
1972, and Fink and Shriver 1978). These studies show that stu-
dent achievement (i.e., learning the required information) is
about the same with real equipment, expensive simulators, or
inexpensive mockups; this is taken to represent a range of high
to low fidelity in these devices. Some studies have shown that
there no differences between individuals trained on high or low
fidelity devices when measured by training time, amount of in-
formation remembered (after 4 or 6 weeks), or time devoted to
¢dditional training some time after leaving school. These
findings apply primarily to teaching procedural tasks, e.g.,
nomenclature, equipment start-up, malfunction location, and
troubleshooting logic. This evidence cannot be denied, but it
has not had a major influence on the design or procurement of
maintenance simulators.

All recent studies of maintenance simulators have evaluated
a specific simulator as a direct alternative to some actual
eguipment for training purposes. Fidelity was not varied sys-
temically or otherwise in any of these studies, with one excep-
tion. Flat panel (2-dimensional) and 3-dimensional versions of
the 6883 Test Station simulator were developed so that a direct
comparison could be made of their effectiveness for training

maintenance technicians. The three-dimensional version, produced
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by Honeywell, has been evaluated for use ir. training technicians
to operate and maintain the 6883 Test Station (Cicchinelli,
Harmon, Keller, et al.. 1980). The two-dimensional version,
produced by Burtek, will also be evaluated, but data collection
and evaluation had not been completea when this report was
written (Apcil 1981).
There has been no effort to interpret what aspects of fi-
delity, if any, may have been varied in the studies that have
Ireen completed to date, although it is obvious that different
pieces of equipment with different methods oi presentation pl
were involved and that theve devices cost different amounts of
money. There is, at present, no way of measuring, scaling, or
defining what we mean by the fidelity of a training device,
particularly with respect to its effectiveness for traininqg ]
students. A distinction made by Miller (1954) between psycho-
logical simulation and engineering simulation (and copied

assiduously ever since) does not help very much: “"engineering

simulation [is] the copying of some physical model and its p]
physical properties" (p. 19; ~mphasis in original); “psycholog-
ical sinmulation.... provides stimuli so that responses learned

to them will transfer from training [with training devices] to

operations with little or no loss" (p. 19). "Psychological ]
simulation may be far removed from physical realism" (p. 20).

"The development of training devices should rest on psychologi-

cal simulation rather than engineering simulation" (p. 20).

It may be that lvss expensive devices are as effective ]
as more expensive ones for maintenance training. However, we
laczk both a metric and a gquideline to identify either the
physicul or functional characteristics of these devices that
influence the effectiveness of training. The interrelation- ]
ships of complexity, fidelity, and cost of training equipment
and the transfer of training from training devices to oper- !
ational equipment clearly deserve systematic attention, both

for R&D on training devices in general and for particular [
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emphasis on maintenance training. Different levels of com-
plexity and of fidelity may be required for manual, hands-on
skills needed in maintenance than for those which involve pri-
marily knowledge and procedures associated with diagnosis of
malfunctions and troubleshooting.

4. On-the-Job Training

Technical training at school qualifies a maintenance tech-
nician to undertake further training on the job and is not
expected, by itself, to produce a high level of competence.

At stake, therefore, is assessing the cost-effective mix of
training at school and on the job. This important question 1is
beyond the scope of this paper. Nevertheless, a potential
advantage of maintenance sinmulators, particularly as the newer
ones become more compact and portable, is that they would per-
mit us to measure the performance of maintenance personnel on
or near their job sites and, where deficiencies are found, to
provide refresher training to particular individuals. Thus,
maintenance simulators provide a means of collecting objective
data about technicians on the job (in a test-like situation),
that could be used to validate not only the use of simulators
in school but of actual equipment trainers; this also applies
to any other feature of interest in the type of instruction

offered at school.

5. Research on Maiﬂgenance

Fven after about 30 yecars of research on maintenance
training, we still lack some fundamental information about how
humans perform the task of maintenance. As a consequence, we
cannot accurately specify, as suggested above, whether a partic-
ular simulator should be simple or complex, two- or three-~
-dimensional in form, the optimum mix of general and specific
maintenance training, and the trade-offs between increased re-

liance on automatic and built-in test equipment versus reliance
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on human ability to diagnose and perform various maintenance
procedures. At least in principle, it is feasibl: to improve
built-in test equipment to assist the technician to find mal-
functions and to design o system so that components and test
points are more accessible to maintenance personnel. The real
issuve is to determine whether increased expenditures during
system development for engineering characteristics to facilitate
maintenance will reduce expenditures for personnel, training,
maintenance, test equipment, and spare parts over the life

cycle of that system.

It is not yet possible to measure the complexity of main-
tenance tasks so that specifications for equipment which have
an impact on maintenance and maintenance personnel can be set
both for the design of weapons systems and for maintenance
simulators and training programs (see Wohl 1980; Rouse, Rouse,
Hunt, et al., 1980; Nauta and Bragg 1980).

It is not yet clear to what extent maintenance simulators
should be designed to provide generic training applicable to a
variety of equipments and/or specific training applicable primar-
ily ro particular models of equipment. A current program at the
Navy Personnel Research and Development Center is attempting to
address this issue (the Generalized Maintenance Trainer System).

There are insufficient data on the amount of time re-
quired to find, identify, and fix various types of malfunctions.
Without such data, there appears to he little rational basis for
determining the priority to be given to various types of mainte-
nance tasks included in maintenance training courses and, of
course, in the design of the maintenance simulators to be used
in these courses (Johnson and Reel 1973). The work of Rouse,
Rouse, Hunt, et al. (1980) suggests that the more difficult
fault isolation tasks are in equipment with feedback loops;
humans benefit during training when they are qgiven immediate
knowledge of resultc about the rules they are using to identify
faults; these skills appear to be transferable to situations
where immediate knowledge of results is not provided.
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APPENDIX A

SUMMARY OF STUDIES EVALUATING TRAINING WITH
MAINTENANCE SIMULATORS AND ACTUAL EQUIPMENT TRAINERS
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COURSE
SIMULATOR COURSE (s':::::r;o EQUIPMENT TYPE OF NO. OF SCOR
RD) INSTRUCTION| STUDENTS |
Generalized Sonar (1) (4) Sonar maintenance 4 days AET: AN/SQ-4 Sonar ALT 9
Maintenance Trainer (Special course for
(GSMT) this experiment)
Fleet Sonar Schnol SIM: GSMT Simulator 9 Accuracy:
San Nieqo, CA Same or be
Note: Final test for
both groups on Criterion
AN/SQ5-23 sonar Test 3}
Intermediate gereral 4 weeks AET ALT 1(2) 20 gg'g
electronics (4-week AET ¢ 20 .
segment of 14-week
course in Sonar Main-
tenance Training)
Fleet Sonar School SIM:  GSMT Simulator 20 54.6
Key West, FL
1
(I)Trains calibration alignment, preventive
maintenance and troubleshooting of cir-
cuits and components common to six
sonar systems.
(Z)Contro1 group 1 trained before and control
group 2 trained after experimental gr .up.
(3)Per:ent correct answers to special test
with 141 {tems. 1
(4)Th1s is a low-power sonar system rather
than a true simulator.
L'—'—'—~'1
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¢
! COMPARISON
Vo
RES TIME ATTITUDES TOWARDS COMMENTS REFERENCES
: Sco SIMULATORS
| Average 22 percent Students favorabie Transfer of training Parker and DePauli,
' faster in perform- experiment. Students 1967
i ing maintenance trained on AET or simu-
tasks on test lator; both groups
Acouracy: tested on a new sonar,
ame or better Performance compared on

‘ riu(:y:}\m Avg. of

HESAR weekly
tests
L 85.5
S 13,2
N .
a0 4Ly
q

five maintenance tasks.
Simulator group super-

ior but differences not
statistically signifi-

cant.

No significant differ-
ence between groups.
Analysis of data shows
that although students
trained with GSMT had
lower "academic poten-
tial" (GCT/ARI scores)
than control groups.
they performed as well
as controls. Report
does not describe equip-
ment used to train
control groups.

DePauli and Parker,
1969
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COURSE
SIMULATOR COURSE (s#::gmn) EQUIPMENT TYPE OF NO. OF SCORE
_ INSTRUCTION|  STUDENTS
cC-T1 APQ-126 radar for AD 7 OJT(]) AET
aircraft (2)
Air National Guard Simulator 17
Buckley Field, CO
Mohawk Propeller System 3 hrs AET: Mock-ups and AET 28 87.9
(53 C51), OV-1 Airframe breadboards;
Repair Course conventional
U.S. Army Transporta- classroom
tion School, fort instruction
tustis, VA
SIM:  EC-11 Simulator 33 93.7
Hydraulic and flight 32 e AET: Arresting gear and ALT 17 End of'
control system, T-2C speed brake course
aircraft trainer, main and
aux‘liary landing Perfor
gear trainer,
f1ight contro}l
trainer,
NAS Chase Field
SIM: Elevator and ele- Simnlator 13 End of(
vator trim panel, courst
aileron and trim panel,
hydraulic speed brake Perforn
pancl, landing gear
panel rudder and
rudder trim panel,
wheel brakes and
flaps panel.
NA® Meridian
Lngine, power plants 24 hrs AET: Fuel systoms train- ALT 19
and fuel system er; enéine ' End o
NAS Chase Field courn
SIM:  Fuel panel; Simulator 13 Pertor:
DC electrical start
and run panel i
NAS Meridian Lnd o
cout .
Environment/utility
system 32 hrs AET: Heat and vent ALT 16 Per ror
training unit;
ceat, 1
NAS Chase field
1
(])Oh-the-job training; length not specified,
(2)11 qualified, 6 untrained.
(3)40 items, multiple choice ,
4)
( Erallpgrfor?ancg test on T-2C ?1rcraft at end of course; aircratt part identification,
nowledge of maintenance manual; situational troubleshooting. Scored b i
Naval Weapons Engineering Support Activity, 9 y examiner from I !
| i




tnd of(3> 35, 5%
course

\
Performan(_u( 4
76.2

Lnd ()f(j) 37, 1%
Lourse

Perfurmanc (‘(d)
ng.7

b o1 3 3y 9
cOurLe

P(.‘rft)rnldn(_u(d )
74 .1

Students favorahle;

instructors negtral to
negative

Students fayoratle;
nstructors negtol to
negdative

*Difference in faver of
simutator statisti-
cally significant
(p=0.10)

*Difference in favor of
ACT statistically
significant (p=0.10)

Wright and Campbell,
1975

Aright and Campuell,
1975

--I.I.-.I-.-T_i__II47 —
a— . e —— e —— n o R —— e _
COMPARISON
. e -
| ATTITUDES TOWARDS COMMENTS REFERENCES
' —
. A1l judged learning to Spangenberg 1974
' he easy; 9 percent
‘ recommend «imylator for
! training
87.9 Performance measured on Dorst 1974
same practical erercises;
difference in favor of
simulator statistically
significant (p=0.0001)
93.7
(3)
End of . 8 Wright and Campbell,
course 1975
r Perfurmance‘“
82.6
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| COURSE
SIMULATOR COURSE s%::g::o EQUIPMENT TYPECF | NO. OF Scon
( ) INSTAUCTION| STUDENTS
FC-11 (continued) SIM: Environmental Sinuiator 9 performance(
simulation panel,
environmental and
:Ezlity panel; £nd oftd)
NAS Meridian course (
Perfarmance
Weapon control system 60 hrs AET: AN/AFRQ 126 ALT 24 Normal opera
mechanic, Block VI, radar for A-70 tions checko
radar aircraft \ (95 items),
Lowry AFB, CO . solving 8 mn
function pruo:
SIM: LC-11 Simulatoy 15
Normal oper.
tions checko
N (N.S); solviy
malfunction
problems (Nli
Motor Transport School
Marine Corps Base
] Camp Lejeune, NC
LL-IIVLP(\) Pilot familjarfjzation 8 hrs(?) AET: mobile traintng AL
tor 1-2C aircraft unit,
NAS Pensacola, FL challboard
SIM: 1C-TlVLP Simutialor € pilots
Naval Flight Officer 1 hrs(P) {(as above) ALT
femiltarization for ()
TA-47 aircraft, Simulator 30 NN's
NAS Pensacola, Tl
1
(1>Large panel version, intended for class demonstrations.
(Z)Light (8) lesson units, e.g., electrical systems, instruments, ejection system,
{3)Naval Flight Officers.
1
{
o e - . tnll.nl--llllli




COMPARISON
ATTITUDES TOWARDS COMMENTS HEFERENCES
| SCORES TIME SIMULATORS
b — b ——
l‘uv‘formance(a) Students Favoratle;
84.5 instructors roatral to
‘ negative
| tnd of3) 354
Lourse
lurformance(a)
76.4
Normal vpera- Students neatral to No significant McGuirk, Pieper and
ttons checkout favorable: . in.tructors difference between Miller, 1975
(44 1tum5); favor simglator, 3 cau- AET and simulator (A1so Miller and
«olving 8 mal- tious group Rockway, 1975)
[ function problems
Ng.mdl overa- Cost estimate for
?IUQS checkout equipnent (2 sets) in
NS), solving complete course;
malfunction $1,068,000 ALT vs
problems (N.S) $169,000 for simulators
No data in paper, EC-II Matt 1976
Judged effective for
training and recom-
mended for adoption,
Project savings of
$386,000 over 15 years
Students and inotpuctars Finding based on fac- Biersner 1975
moderately te nignly tor analysis of atti-
favorable to 1M (£C-11) tudes
Instructor. fayor sipu- Author judges training Biersner 1976
Fator aver oty train- with simulator to be
iny aid. equally effective to
use of AET at school;
performance on-the-job
unknown
fan oy (as above) Biersner 1976
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COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPEOF 40, OF
(STANDARD) INSTRUCTION| STUDENTS

Automated Electronics
Maintenance Trainer
{AEMT)

AET

SIM:

AET

SIM:

AET

SIM:

Conventional FM
tuner

Primary power
control for ALM-64
manual test enuip-
ment for AN/ALQ
100 airborne E\
transceiver

ALM-106B semi-
automatic test set
for ALQ-126 EW
transceiver

Visual target acqui-
sition system (VTAS),
helmet-mounted sight




COMPARISON

SCORES

TIME

ATTITUDES TOWARDS
SIMULATORS

COMMENTS

REFERENCES

-

Provides CAI and CMI

services to multiple

student stations; one
instructor station

No evaluation reported

Evaluated favorably by
3 Navy instructors for
fidelity of simulation
and usefulness for
training

As above, plus com-
ments by attendees at
demonstrations that
"AEMT approach ap-
peared to previde as
good if not better
training erfective-
ness than is achieved
using operational hard-
ware," (p.27). No per-
formance data

No evaluation reported

No evaluation reported

Modrick, Kanarick,
Daniel and Gardner,
1975

Modrick, Kanarick,
paniel, and Gardner,
1975

Daniels, Datta,
Gardner, and Modrick,
1975

Modrick, Kanarick,
Daniel, and Gardner,
1975

Modrick, Kanarick,
Daniel, and Gardner,
1975
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COURSE
SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF N0. OF
TA .
(STANDARD) INSTAUCTION| STUDENTS
Generalized Maintenance AN/SRC-20 UHF Voice ALT
Training System (GMTS)- Communications System
Rigney System Advanced Electronics Simulator 20
Schools, Department
Facility, Naval Schools
Command, San Diego, CA
AN/SPA-66 radar 4 days ALT
repeater, (16 nhrs)
Naval Mobile Technical Simulator 10

Unit 4, San Uiego, CA

AN/WSC-3 trac.ceiver
for fleet satellite
communication system.
Advanced tlectronic
School Division

Service School Command,
San Diego, CA
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COMPARISON

SCORES

TIME

ATTITUDES TOWARDS
SIMULATORS

COMMENTS

REFERENCES

Average solution
time per problem
about half that
above

Students favorable or
very favorable

Students favorable or
very favorable

:;)

Average solution times
per problem (N=11) re-
ported for students
trained with shnulator;
no baseline data for
comparison

Iwproved, low cost version
using a UCSD Pascal,
high-level, transportable
computer language.
Training effectiveness to
be determined

Rigney, Towne, King and
Moran (Oct 1978)

Rignev, Towne, Moran
Mishler (1980)

Towne and Munro (1981)
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COURSE
( ) INSTRUCTION| STUDENTS
1
fault ldentification Hanen Automatic Boiler 5 wks AET( ):niuTatfz Sim AET
ain ce u-
Simulator {F15) Contral Tator(Sland Bofler
Fleet Training Center Control replica
San Deqo, CA
SIM: FIS and Boiler
Control vep!.ca “fmulater 16 "game a:

(M

Actua)l equipment trainer

(Z)Actual components activated by pneumatic and electrical signals

(3)lnd1v1dualized. self-paced instruction compared to conventional instruc ! {on above

Sr——]




COMPARISON

SCORES

TIME

ATTITUDES TOWARDS
SIMULATORS

-

Thame as above!

" weeks

2.4 m'vk-s(")

)

COMMENTS

REFERENCES

Swezey in kinkade (1979)

R i g TR D
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COURSE
SIMULATOR COURSE LENGTH EQINPMENT TYPE OF NO. OF S
(STANDARD) INSTRUCTION| STUDENTS sco
Ass{st
683 Converter/Flight F-111 Avionics 6 days AET: 6883 Converter/ Lontrgl 59 (1) needed
Control Systems Test Maintenance (special Flight Control Tests’ © {nsiru
Statton (for F-111 afr- block in 23 Systens Test .
craft) weeks course Station ]' 23.1 t
for this g. ;g.g
test . .
est) 4, Same
SIM:  3-dimensional simu- 1. 2.8 <
tatiun of above SHinlatur b6 g- ;3-8
4, Same

tnd of cour

5
Projected Jog proficiency, Part I

3. Projected job proficiency, Part II
4, Ratings by supervisors on job
performance after 2-32 weeks on job.

|




COMPARISON

SCORES

TIME

ATTITUDES TOWARDS
SIMULATORS

COMMENTS

REFERENCES

Assistance
(1) needed by

s' 7 instructory
231 2.8
13.9

3.9

Sane

LB AN

4.0

3.0

h 1IN

N

To complete test

54,7 min

H4.8 min

Studenty tayvorahle;
instructors neatral to
sTightly favnrable

)

This Test Station used
only two days in regu-
lar 23 weeks course

(6 days in this test).
Test shows equal effec-
tiveness at school and
in follow-up on job 2-32
weeks later, based on
supervisors' comments.
Study also says simula-
tor costs about one-
third that of actual
equipment to acquire
and use,

Ciccinel1i, Harmon,
Keller and Kottenstette
(1980)

aputad et
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COURSE
(STANDARD) INSTRUCTION| STUDENTS
e
Paper and pencil Basic electronics 10 wks AET: (1) 230 Exan)
training aids U.S. Naval Training Lab
Center, Great Lakes, Troub
IL shoot.
Trainer-Tester(b) AET + Trainer-Tester 230 Exgu
a
Troubl
shoot
Punchboard Tutor AET + Punchboard Tutor 230 Exgm
a
Troubl:
shoot
Paper and penci) Radar repair 9 wks Taped lectures(N=4)
training atds 1
Trainer-Tester Trainer-Tester 6 groups
Custom—bu(és Army Signal School, Custom-built simulator N=26, ¢7 each
“Amulator Fort Monmouth, NJ
Flow Diagram Trainer and JDA radar display 2 days Panel board simulator 12 No. of
Automated Microfiche fo.finJ
Terminal HMS Collingwood Microfiche projector fault bef
tquipment mock -up ) |
(JDA radar simulator) 2 |
3 -J

(n

(2)50 multipla-choice 1tems

(3)

(4)15 multiple-choice items

Grade assigned by instructor

Push-pull, three-stage transmitter superhoterodyne receiver, twelve 45-minute classes for each

(5)Simuldtor malfunctions, tests and measurements on specfally prepared paper layouts of equipment
developed by Van Valkenburgh, Nooger, and Nevilie, Inc., 1954

(6)Luca11y designed to be more realistic than Trainer-Tester; uses schematic drawings




COMPARISON

SCORES

TIME

ATTITUDES TOWARDS
SIMULATORS

COMMENTS

REFERENCES

m(?) 74
{3 80
Me-

votinq(q)bj

N )
’ t
hle-

oting b4

b ‘o

}
ihle-
oting 65

of checks
find faults
before aftor

1o 4 1
16 5 2
-- 5 3

18
21

Average time to
find faults (min)
fault before after

5
6
6

Students believe ards
improved troubleshooting
skills,

Instructors prefor lab
work to Trainer Tester,
Teast accept Punchboard
Tester

No significant differ-
ence between groups
trained differently
when tested later in
Advanced training

Communications (N=126);
Trainer-Tester group
{N=210) superior on
laboratory grades

Effects measured at the
end of the course by
performance test (find
malfunction in actual
radar components) and
written tests

Main finding is that
lectures on troubleshooting
improve effectiveness

of paper simulators.
Custom-built simulators

are more effective than
Trainer-Tester

Training with panel board
trainer and microfiche
projector; before and
after tests with JDA
radar simulator; no
comparison with AET

cantor and Brown, 1956

Glass, 1967

Cunningham, 1977
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COURSE
——
SIMULATOR COURSE LENGTH EQUIPMENT TYPE OF NO. OF
(STANDARD) WSTRUCTION|  STUDENTS
Computer simulations for Aivcraft power plant condi4 3 special Context-free simulation Perform- Pe
training in fault diagnosis] tioning and testing training ance ap
(computer-assisted instruc- sessions Context-specific simulation score at
tiong Institute of Aviation (total of ac
Iniversity of I11linois six hours) Instructional TV film on Instruntion- 12 4.4
in semester | troubleshooting engines al TV
course
Continental 0-300 recipro- | Context-fred 12 4.0
cating (on test stand) fault diag-
nosis
Lycoming 0-235 reciprocating | Context- 12 4.n
engine ?on test stand) specifi. '
fault diaq-
nosis

(])Fault-f1nd1ng performances on two
afrcraft engines on test stands.

A Al SEC L & RIS, )




& e
COMPARISON
1 | ATTITUDES TOWARDS COMMENTS REFERENCES
scoRes (! nme' V) SIMULATORS
Perform- Percent of Percent of | Time/ Attituden {4 most favorable)] Transfer measured from Johnson, 1980 !
ance appropri- inappro- Problem method of training to ;
score ate priate fault finding, 5 mal-
actions actions functions, in 2 actual
4.4 44, 0.9% 1.3 hrs 1 engines on test stand.
Training with instruc-
tional TV yielded best
4.0 28 0.7 1.4 1.4 troubleshooting perform-
ance, judged due to
similarity of training
of training with test.
1.0 30 1.4 2.7 iy Evidence that computer
simulation transfer also
found but less pronounced.
\
)

e e
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APPENDIX B

PROGRAM COSTS OF NON~-STANDARD SIMULATORS

A. SUMMARY

Table B-1 provides a summary of costs for nine non-standard
simulator programs for which data were available. Table B-2
shows the "normalized" costs of these programs. Normalization
involved two adjustments to the program costs.

(1) In order to provide a consistent base for comparison
among programs, recurring production costs were di-
vided by the quantity fabricated. Thus, each program
will reflect the costs that (hypothetically) would
have been incurred if only one trainer had been pro-
duced.

(2) Two of the research programs (the 6883 and MA-3 Test
Benches) incurred significant costs for evaluations.
These costs were excluded so that ::ach program will
reflect the costs that (hypothetically) would have
been incurred if they had been intended for
main-line training.

The values shown in Table B-2 provide the basis of the percent
ranges of the different cost elements shown in Table 15,

The remainder of this Appendix provides a short discussion
of each of the nine programs and a more detailed display of
their costs.
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B. RESEARCH PROGRAMS

The three rescarch programs (simulating the Navy A-7E HUD
and MA-3 and the Air Fcrce 6883 Test Benches) have had mixed
histories. Each was conceived as a vehicle for an extensive
evaluation, comparing the effectiveness of maintenance simu-
lation as an #lternative to actual equipment for training,
and there is no evidence that they were intended for use in
reqular training programs. However, current planning envisions
using the MA-3 Test Bench for training. These three devices
are the only ones, to date, that address simulation for inter-
mediate (as distinct from organizational) echelon maintena.ice
training.

Each of the trainers is a unigue 3-dimensional Aevice,
and each has had o different principal contractor. For the
two Navy devices, the contractors had no prior experience in
developing similar systems. The contractor for the 6883 (Honey-
well) previously had built one model of a 3-dimensional mainte-
nance simulator.

1. Honeywell 6883 Test Bench

The 6883 device was procured as part of a continuing main-
tenance simulation research project of the Technical Training
Branch of the Air Force Human Resources Laboratory (AFHRL).

It is the only one of the three research devices that has been
extensively evaluated; results have been published reccntly in
Deignan and Cicchinelli (1980) and Cicchinelli, Harmon, Keller,
and Kottenstette (1980). This evaluation addressed the simulator
for training operactions and maintenance of the 6883 Test Bench.
A standardized 2-D system, also simulating the 6883, has recently
been delivered and will be evaluated for training operation and
maintenance of the test bench.

Program cost information (Table B-3), based on contract
actuals and in-house costs, was obtained from the AFHRL program

B-4
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TABLE B-3. 6883 TEST BENCH (Dollars, Thousands)
Denver
Contrector Ir.-House Research Honeywe11
Ingiitute
Engineering Total
Mansgement Training Original Changes + Program
Task/Function and Evaluation | Contract and
Support Maintenance
Contract
Non-Recurring Cost
FrgntkExd ?na}ysis 19 19
ask Analysis
Other {19 {‘9
Design and Development 26 313 88 427
Hardware 34 1 35
Software/Courseware 26 273 85 384
Technical Data 6 2 8
Other
Hardware Fabrication
(non-recurring) 57 . 57
Test and Evaluation 155 155
Program Management 145 145
Total Non-Recurring 171 155 389 88 803
Recyrri
Production 169 169
Hardware Fabrication
(rocurrin?) 149 149
Special Tools/Test
Equipment 20 20
Initial Spares
Other
Logistic Support 104 104
interim Maintenance 104 104
Support
Other I e -
Initial Training
Total Recurring 169 104 273
Program Total Cost 171 166 558 192 1,076
' Including installation and checkout,
B-5
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office. Honeywell contracted for this program at roughly the
same time as its VTAS system was delivered to the Navy. There
appears to be little similarity between the two, and it is
unlikely that the prior VIAS experience proved significant in
the A883 program.

2. A-7F HUJD Test Benctl
The A-7E HUD (Head-Up-Display) Test Bencin is one part of

a Navy research program that envisioned development and evalua-
tion of six 3-dimensional maintenance simulators -- one each
for training in three types of skif(ls (electronic, electro-
mechanical, and mechanical) at two maintenance echelons (organi-
zational and intermediate). 1In addition to evaluation of these
different applications of simulators, the research program was
to result in developing procedures for formulating simulator
development specifications.

The A-7F HUD is the intermediate echelon, electronic
skills portion of this recsearch program. To date, the device
has not been evaluated. An evaluation program was designed
and the simulator was delivered to the training site. However,
the program was not initiated, and its future is in doubt.

This was the first device to be initiated under the
research program, and the first of its kind for the Navy,
Personnel involved with management of the program (the Human
Factors Laboratory of the Naval Training Equipment Center) are
frank to state that it was a learning experience for them in
terms of simulator specification (one objective of the research
program) and development rrocedures., The device was initially
limited to simulation of the "day" version of the HUD that
was a mature A-7F system at the time. However, a FLIR (forward-
looking-infrared) version was in development at that time, and
the simulator program was later expanded to incorporate the
FLIR capability. This opened the program to two problems --
modification and concurrency.




L]
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Program costs (shown in Table B-4) were developed by the
Human Factors Laboratory from contract records and the expertise
of Laboratory personnel. The costs show the impact of the
decision to simulate the FLIR capability. Six contractors were
involved in the program, three of these (including the A-7E
prime contractor) because of the FLIR decision. Over one-third
of the program total costs (and over 40 percent of contracted
costs) resulted trom the FLIR moditication. Unfortunately,
there is no way to geparate FLIR-associated costs into those
arising from modification, per se, and those arising from con-
current development of the simulation and the operational
cquipment.. Program office personnel believe the latter was a
significant element, and state that during several intervals
development of the simulator was ahcad of development and docu-

mentation of the operational equipment.

3. MA-3 Test Bench

The MA-3 is a sccond element of the Navy maintenanse simu-
lator rescarch program, in this case addressing training of
intermediate echelon, electro-mechanical skills. This program
was initiated morce than two years after the A-7E HUD and benc-
fited significently trom the earlier experience, according to
program office personnel, The device was delivered during the
summer of 1980 and is currently undergoing evaluation that
should be complete in June 1981,

Program costs are shown in Table B-5. These data were
developed from contract records and expertise of personnel
from the Human Factors laboratory that managed the program.

The simulator has one noteworthy characteristic, differ-
ent from any of the other non-standard devices, that is com-
pietely unrelated to its role as a research vehicle. It is
the only device of its class to provide training that is not
gpecific to a single weapon or support system. The MA-3 is a

universal stand used throughout the Navy for on-shore testing

o7 /ﬂ-—é’
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TABLE B-4. A-7E HUD TEST BENCH (
AACTS Data i
mputer Vought }\ 1imation !
Contractor In-House Honeywel Educa&:;glag?ogu e A1gggaft \Dp'nc. ! Eng1r11::r1ng General ;
e ° Total
Initial Day System; | Day System; |Day System; |(FLIR System, FEXR System, . Program
Desian Front End Original Engineering | Expansion; xpansion; |FLIR System, | Maintenance
Task/Function and Analysis Contract Change Data Base Design Expagsion; Contract
Suppurt Design ‘ Hardware
Non-Recurring Cost
Front End Analysis 44 95 20 30 4§ 234
Task Analysis 20 65 20 30 4% 180
_ Other .l @ 30 - 24
Design and Development m 215 48 115 a3 5 650
Hardware 15 20 15 25 5 80
Software/Courseware 44 185 28 100 160 521
Technical Data A 15 10 33
Other 16 . 16
Hardware Fabrication | | y
(non-recurring) 21 2
Test and Evaluation
Program Management 7! 72
Total Non-Recurring 21, 95 235 48 145 240 5 980
Recurring Cost o
Production 95 60 20 30 20 225 |
Hardware Fabrication 2 ‘
(recurnn?)‘ 90 45 20 25 20 00 |
Special Tools/Test 5 ‘
Equipment 20 ‘
Infitial Spares 5 15
Other . |
e I U I ‘
Logistic Support /6 76 |
Interim Maintenance ‘
Support 76 76
Other . o ] i 1o B .
Inttial Training 5 5 5 15
Total Recurring 100 65 20 30 25 76 316
e e —— e e SR SRS DUUSINVUSUSRPOR PRIM SSSRES SS - [ ‘i
!
Program Total Cost 212 95 315 113 165 270 30 76 1,296 4
s Including instailation and checkout.
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\' TABLE B-4. A-7E HUD TLST BENCH (Dollars, Thousands)

t

e e METS Dat 7
i i ) a
¥ A\{Sg?:‘}rt “DD}:\Z‘W““'( fraineering General Recapitulation
" S e T e ‘*’ e *' N «-.inc‘ et
‘!rLlR System, 'FLIR System, . pTQtﬁl
% Expansioni  Expansion; f%w “»v?tem. Maintenance TOgram | In.Mouse &4 | Day System |FLIR System
Dat | " {xpans fony Contract Maintenance HUD; HUD;
‘ Eegagﬁ” pesian Hardware Contract Origi'nal Program
Ao ’ L Program Expansion
30 L 234 4 115 75
;30 ’, 45 180 20 85 15
Li....._.,.“ [ 54 24 BQ N
! 115 195 £ 650 72 263 315
r\ 15 2 5 BD 3% 45
100 160 521 45 213 260
10 1 8 15 10
g o 16 16
24 24 T

155 70

i
|
!
| 72 72
l .
[ tes | a0 | 980 212 | 390
] i

76
{ b 13 10 5 1 .
.o % b 316 165 75
% 165 ‘i 270 j i) 1,296 543 465
i; ,
5 !
' i
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TABLE B-5. MA-3 TEST BENCH (Dollars, Thousands)
Contractor Applimation, Inc. Seville
Training
En‘?;iggjg Cost/ Total
9 and 91 Initial Program Cost Effgg::ve- Program
Task/Function Support Contract Exggg:}gﬁ/ ngggun Evaluation
cation Spares
Non-Recurring Cost
Front End Analysis 80 7 87
Task Analysis 38 38
Other 42 7 49
Design and Development 40 20 m 47 218
Hardware 7 29 10 46
Software/Courseware 13 82 37 132
Technical Data
Other 40 40
Hardware Fabrication
(non-recurring)
Test and Evaluation 90 90
Program Management 40 N 14 9 74
Total Non-Recurring 80 m 132 56 90 469
Recurring Cost
Production 42 28 29 99
Hardware Fabrication
(recurring)?® 42 28 12 82
Special Tools/Test
Equipment
Initial Spares 17 17
Nther
— —
Logistic Support 14 25 39
Interim Maintenance
Support 25 25
Other 4 e e
Inftial Training 7 7
Total Recurring 63 28 54 145
PR ﬁ,.__.__ D U [ S PO,
Program Total Cost 80 174 160 110 90 614
a Including fnstallation and checkout.
B-11




of all generators and constant-speed-drives that comprise air-

craft primary electric power systems. (A related test stand,
the MA-2, serves the same function for all primary aircraft
power systems on board ship.) As a result, knowledge of both
its operation and maintenance is a widespread requirement and,
if exploited, a variant of this simulator (modified for main-
line training) might satisfy an extensive training requirement.

The MA-3 consists of two distinct components -- the test
stand itself and associated equipment (such as electronic test
sets and oil coolers) to adapt its use to the rarge of different
generators and constant speed drives that are used on various
Navy aircraft. The simulator was designed with this i mind
and maintains a separation of these two components. Although
the current simulator was built specifically for training AV-8A
maintenance personnel, the contractor has provided the follcwing
rough estimates.

® Modification of the current simulator system to allow
simulation of other generator/constant-speed-drive
combinations would cost $15,000 to $20,000 (including
computer programming and fabrication) for each combina-
tion.

e Follow-on units in lots of two of the current configura-
tion (including hardware, software, and documentation)
would cost $170,000 per unit.

Two points should he noted with regard to the second con-
tractor estimate. The first is that the current simulator is
confiqgured for research and it can be anticipated that quantity
production of a device that did not contain features needed for
research would cost significantly less. The second point is
that there is an apparent inconsistency between the contractor's
estimate and the costs developed by Human Pactors Laboratory
personnel. The latter costs attribute only $99 thousand to re-
curring device production and $145 thousand to recurring program

costs (and include all non-recurring fabrication costs that, in

B~12
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in fact, were incurred). We have no explanation for the differ-
ence in estimates. However, the lower Laboratory estimate is
consistent with data obtained on other programs. Either esti-
mate totals to much less than the cost incurred in the research
program, and the bulk of this cost reduction can be attributed
to the high proportion of non~recurring costs associated with
one-of-a-kird production,

C. A-6 TRAM DRS

The A-6 TRAM DRS (Detection and Ranging System - AN/AAS-33A)
simulator was initiatrd as a research program, i.e., as one ele-
L ment of the Navy research program that includes the A-7 HUD and
N the MA-3 Test Stands. However, this aspect of the program was

modified at an early stage, and the simulator was adopted as
one of the primary devices for organizational echelon mainte-
nance training of the electronic portion of the DRS. Two units
were built and shipped to the two A-6 training detachments
where they were placed in main-line training after a relatively
short checkout and acceptance test period.

This appears to be one of the more successful non-standard
simulator programs. The devices cannot be considered high cost
and have been well received by training personnel. However,

certain features of the device and its procurement point up

X problems that seem to recur with maintenance training simulators.
Four of these are discussed helow,.
! e The simulator provides only for organizational mainte-
nance training on the electronic portion of the DRS.
As a result, it did not relieve a requirement for using
. operational equipment for training on the mechanical

portion of the DRS. While the existence of the simula-

tor reduces the training load placed on the operational :
equipment, it does not necessarily reduce the amount f
or cost of actual equipment required for training.

B-13 [
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This model of DRS is peculiar to the A-6 aircraft. A-6
training is conducted at only two locations, and the

two devices serve to fully satisfy the training require-
ment. This is typical of aircraft systems today, even
those that are procured in large numbers. When it is
considered that the major portion of simulator program
cost is nonrecurring in nature (approximately 75 per-
cent in this case) there appears to be little promise

in reducing their costs, except by use of standardized
systems where high development costs (such as for the
software systems) can be spread to a number of training
applications.

This is the first device of this type to be contracted
for by Grumman, and its capabilities and design (includ-
ing the software package) are highly tailored to this
single training application. Contiguration changes and
modifications are common to current combat aircraft and
even apparently minor ones may result in major changes
to maintenance simulators whose costs may be a major
portion of those required for developing a new device.
Decisions regarding the timing of training device deliv-
eries are critical in providing training on new or modi-
fied operational equipment. Whatever types of training
devices are used, they must be in place before that
training can commence, and training must be provided to
personnel before the operational equipment can become

an cffective part of the force. Since simulation
trainers require their own development, this must occur
concurrently with development of the operational equip-
ment. However, the operational equipment is subject to
frequent modification during development and for a con-
siderable period after its fielding., As discussed above,
these modifications can have a drastic impact on simula-

tor costs. An example of this impact can be seen in

B-14

’

L]




the A-6 DRS program. The DRS tactical configuration

and the simulator were developed at the same time, both

by Grumman, and the DRS configuration was not finalized

at the time the simulator program was initiated., The

simulator contract provided an allowance for changes

in the simulator that were the result of anticipated

modifications to the operational equipment, and at the

time of final delivery the cost o[ these changes amounted

to 35 percent of the firal Grumman contract value,.

Program cost information (Table B-6) was obtained from the

program procurement manager at the Naval Training Equipment Cen-
ter., At present, both trainers have been delivered and placed
in service; the costs shown in Table B-6 appear to be the total
costs to the government, except for updating the devices to re-
flect recent modifications to the operational equipment.

D. VTAS

The VTAS simulator had its origin in a change in confiqu-
ration of the ~4J aircraft that entailed changes in training
equipment then employed at two Naval Air Stations (NAS)., An
assessment of alterriatives for these changes concluded that
simulation would cost between 60 and 85 percent of the alter-
natives that involved modifying or procuring additional opera-
tinnal equipment for training.

The contractor (Honeywell) has produced several non-standard
maintenance simulators. However, VTAS was the first and appears
to be quite different from Honeywell's later programs. The
relative distribution of program costs among cost elements is
quite different from that on other programs (including the
later Honeywell programs). It is concerned only with a single
system that is not complex i1elative to current avionics systems,
The Navy procurement program manader described the training

requirement as relatively simple, and the simulator reflects
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TABLE B-6. A-6 TRAM DRS (Dollars, Thousands)

AppTied
Contractor Science Grumman Aerospace
Associates
Total
Task Initial Engineering Program
Task/Function Analysis Contract Change
Non-Recurring Cost
Front End Analysis 40 40
Tasi: Analysis 40 40
Other
Design and Development 148 163 mn
Hardware 10 10
Software/Courseware 85 163 248
Technical Data 47 47
Other 6 6
Hardware Fabrication (
{non-recurring)
Test and Evaluation 7 7
Program Management 40 40
Total Non-Recurring 40 195 163 398
Recurring Cost
Production 92 92
Hardware Fabrication
(recurring)? 35 35
Special Tools/Test
Equipment 13 13
[nitial Spares 44 44
Other
S I S IS
Logistic Support 11 N
Interim Maintenance N 1
Support
Other i _
Initial Training 17 17
Total Recurring 120 120
N DU I R N
Program Total (ost 40 315 163 518
a Including installation and checkout,
B-16




the limitation (providing eight malfunctions that are integrated
into the contractor-proprietary software system),

Cost infcrmation (Table B-7) was obtained from the con-
tractor. 1In addition to the contract costs, the procurement
program manager has estimated that between cne-half and three-~
quarters of a man-year was expended by in-house civilian and
military personnel on various functions (includlng front-end
analysis and program management).

E. AT-TRAINER

The AT-Trainer takes its name from its purpose of provid-
‘ag training in all equipments maintained by the Navy aviation
techrician (AT) rating on three series of the F-4 aircraft--
the communicarior/navigation/identification and the electronic
countermeasures guites. It was begun as a small scale in-house
project at the North Island Naval Air Rework Facility to pro-
vide simulation of one model of U¢ communication equipment on
the F-4N. Since that time, it has expanded through a series
of progr.m chianges to encompass all AT-maintained eguipment on
the F-4N, F-4J, and RF-4B and the inertial navigation eguipment
of the RF-4B maintained by the aviation electrician (AE) rating.

This simulator provides only for organizational mainte-
nance training that is cvypicallv confined co troubleshooting
of installed equipment. This involves a large number of
equipments the controls and indicators of which are located on
the aircraft instrument panel: the physical confiquration of
the simulator constitutes an extensive mock-up of the cockpits.
Tne particular equipments simulated, by aircraft series, are
shown in Table B-8.

At program completion three units will have been built.
Two of these (to be used a*t Beaufort MCAS and Oceana NAS) will
be limited to providing AT traininu for the F-4J. The third

(delivered to El Toro MCAS) will provide simulation for AT
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TABLE

B-7. VTAS (Dollars, Thousands)

[

Including installation 2:d checkout.

Contractor Honeywell
Total
Task/Function Program
Non-Recurring Cost
Front End Andalysis
Task Analysis
Other
Design and Development 74
Hardware 19
Software/Courseware 38
Technical Data 17
Other
Hardware Fabrication
(non-recurring)
Test and Evaluation 6
Program Management 51
Total Non-Recurring 13
Recurring Cost
Production 163
Hardware Fabrication A
(recurring)? 156
Special Tools/Test
Equipment
Initial Spares 7
Other
Logistic Support
Inierim Maintenance
Suppo-t
Other
Initial Training 3
Total Recurring 166
Nﬁv—'
Program Total Cost 297 ‘
R




TABLE B-8. SIMULATED AT-TRAINER EQUIPMENT, BY AIRCRAFT SERIES
Aircraft S
Equipment Designation (Function) F-4N RF-4B F-4J/S

Communication/Navigation/ Identification Equipment
AN/ASQ-19  (Integrated Electronics Central) X
AN/ARC-189 (UHF Communications) X X
AN/ASQ-160 (Integrated Electronics Central) X
AN/ARC-105 (UMF Communications) X
AN/ARN-118 (TACAN) X
AN/AJB-3 (Computer) X
AN/AJB-7 (Computer) X
AN/ASN-39  (INS) X X
AN/ASN-59  (Attitude, Heading, and Reference) A
AN/ASN-92  (Carrier Alignment JNS) X
AN/ASW-25A (Data Link) X
AN/ASW-25R (Data Link) X
AN/ASM-23  {GSE) X X X
ECM Equipment
AN/ALR-45  (ECM) X X
AN/ALR-50  (ECM) X X
AN/ALQ-126 (ECM) X X
AN/ALE-29  (Chaff Dispenser) X
AN/ALE-39  (Chaff Dispenser) X X
AN/ALM-70 GSE (AN/ALE-29) X
AN/ALM-164 GSE (AN/ALE-39) X X
AN/ASM-456 GSE (AN/ALR-45) X X
AN/ALM-140 GSE (AN/ALR-50) X X




training in all three aircraft series in addition to AE training.
The multiple simulation capability is provided by "quick change"
kits to reconfigure the simulator to each aircraft.

The El Toro unit serves as a test bed for the program. It
was delivered as a partially completed device in mid-1979. Fur-
ther capabilities (in terms of the equipments simulated) are
delivered as they are developed, and the system will not be
completed until mid-1981. The Oceana and Beaufort units were
delivered in December 1980 without ECM simulations; this capa-
bility will be installei during 1981 as a field modification.

Throughout its term, the AT-Trainer program has been
carried on strictly as an in-house activity. The tasks involved
include development of simulation hardware (including some of
the data processor) and the software operating system. As a
result, it is a unique system. Apparently, there are no plans
to carry these developments any further or to emplos them in
other simulations.

The AT program costs are shown in Table B-9. The program
manager feels these values may understate true cnsts of the
project, because many of the :individuals involved provided
extensive unpaid time. In addition, the costs are probably
not comparable to those for other simulator programs. The
accounting methnds employed wili differ from those used by
contractors so that various categories of costs may have dif-

ferent meanings.
F. INTEGRATED RADIO ROOM

This is one of two programs to incorporate simulation into
the initial design of the training proaram for a new major
weapon system. A total of four simulators are employed in the
complete Trident training system. Two are associated with the
Integrated Radio Room (the communications system) while the
other two are associated with pneumatics and are standardized
simulation systems.
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TABLE B-9. AT TRAINER (Dollars, Thousands)

Contractor North Island Naval A{r Research
Facility
Initial Modif- Total
Task/Function Program cations/ Program
Updates
Non-Recurring Cost
Front End Analysis 20 29
Task Analysis
Other 20
Design and Development 920 95 1,015
Hardware 355 50 405
Software/Courseware 415 45 460
Technical Data 150 150
Other
{lardware Fabrication b
(non-recurring) 267 9 276
Test and Evaluation 8 8
Program Management 40 40
Total Non-Recurring 1,255 104 1,359
Recurring Cost
Productior 440 n 451
Hardware Fabrication
(recurring)? 410 " 421
Special Tools/Test
Equipment
Initial Spares 30 30
Other
Logistic Support
Interim Matntenance
Support
Other
Inittal Training 30 30
Total Recurring 470 1 a8
Program Total Cost 1,725 115 1,840

a Including installation and checkout.
b Includes $205 for depot repair facility.
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Trident communications system personnel are responsible

for both operation and maintenance of the system; and both
functions are trained in the same course employing the same
training equipment. Three major training devices are used,
designated A, B, and C; two of these devices (A and B) provide
both operation and maintenance training, while trainer C is
devoted to maintenance training.

® Trainer A is a reconstruction of the on-board radio
room. It consists of a complete set of the operational
equipment (along with training-unique equipments) to
provide operator team and watch-standing training and
hands-on, on-equipment maintenance training.

@ Trainer B is a reconstruction of a part of the radio
room using only simulation equipment. Its function is
to provide individual and team operations training and
training in the system fault isolation and diagnostic
capabilities of the operators' console, and the use of
the built-in test equipment

® Trainer C consists of both simulated and tactical
equipment. It is a series of part-task-trainers to
provide training in troubleshooting and fault isolation
procedures at a module/component level and hands-on
preventive and corrective maintenance.

This program provides a definitive demonstration of both
complementarity and substitutability between simulation and
operational eguipment. Two trainers are used for operator
training, and all three for system maintznance training. Early
studies of Trident training requirements identified two alterna-
tives for radio room training. One alternative was the current
program combining operational equipment and simulators. The
second alternative proposed cnly operational equipment trainers
(consisting of three of the current A-Trainers).

RCA is the contractor for the operational eguipment as

well as the three trainers; both the trairers and the operational
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equipment were developed concurrently. The training equipment
contract is RCA's first experience in developing simulators.

NDne could expect the simulation trainers to be closely patterned
after the operational equipment and, perhaps, to be quite dif-
ferent from other non-standard simulators.

Our opinion that these simulators differ from others is
bolstered by comparing the relative cost of software/courseware
in this program with other programs. Roughly 15 percent of RCA
costs are attributed to software/courseware, while the average
for the other non-standard systems is close to 35 percent. The
operational equipment employs extensive data processing, and the
relatively low software/courseware costs for the simulators
would be consistent with RCA incorporating its detailed knowl-
edgc of the operational equipment software into the development
of the simulator software system--rather than developing a
wholly new system, as appears to be the case of other non-
standard simulators.

Simulator program costs (shown in Table B-10) were obtained
from the program office for Trident training (at the Naval
Training Equipment Center). They are based on the original
cost proposal and the program changes that have been negotiated
to date.

Gc F’16

The F-16 maintenance simulation system is the most ambi-
tious non-standard program undertaken to date. Like the Trident
Radio Room, the use of simulation was incorporated into the
initial design of the maintenance training program and the
simulators were developed concurrently with the operational
equipment. Unlike Trident, though, simulation was developed by
a second contractor (Honeywell) under subcontract to the weapon

contractor (General Dynamics).
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TABLE B-10. TRIDENT INTEGRATED RADIO ROOM (Dollars, Thousands)
- American
Contractor RCA ECC Systems In-House
STWaT O nrporation
Operator/Maintenance
- Front End Total
Trainer Miintenance Trainer Task Program and Progran
Task/Function Basic Contract Basic Contract Analysis Office Management
Contract Changes “rntract Changes Support Support
Non-Recurring Cost 1
Front End Analysis 400 270 670
Task Analysis 400 270 670
Other L B |
Dusign and Development 1,856 307 1,417 27 3,607
Haraware 1,238 204 886 20 2,348
Software/(ourseware 431 89 253 6 879
Technical Data 187 14 178 1 380
Other
Hardware Fabrication
(non-recurring)
Test and Evaluation 12 12 24
Program Management 210 65 145 9 248 140 817
Total Non-Recurring 2,078 372 1,574 36 400 248 410 5,118
“Recurring Cost
Production 1,124 58 506 2 1,690
Hardware Fabrication
(recurri,n?)' 725 58 34 2 1,103
Special Tools/Test 17
Equipment 78 39 !
Initial Spares 321 149 470
Other N . B
Logistic Support 47 47 94
Interim Maintenance
Support 47 4/ 94
Other o ) I B L -
Inftial Training 114 4 66 186
Total Recurring 1,285 62 621 4 1,970
Program Total Cost 3,363 434 2,195 38 400 248 410 7,088
& Including fnstallation and checkout.
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The simulators encompass eight of the aircraft systems,
and are to be used by both USAF and NATO country personnel.
The simulators are configured as both flat panels and cockpit
mock-ups. The quantities procured, by aircraft system simulated,
are shown in Table B-11l. Typically, the simulatioi of one air-
craft system employs rwo panels or one panel and a cockpit
meck-up.

TABLE B-11. F-16 SIMULATOR QUANTITIES PROCURED, BY AIRCRAFT SYSTEM

Number of Elements | Number of Simulators
Aircraft System Per S1m3;2ﬁg:t Ordered

Panels Mock-ups USAF NATO
Environmental Control 2 3 2
Navigation 2 3 2
Fire Control 1 1 3 3
Flight Control 2 3 3
Hydraulic 2 3 3
Electrical 2 3 2
Weapon Control 2 3 3
Engine Start ] 3 3
Engine Diagnosis 2 3 3
Engine Operation 1 3 2

USAF, in buying three sets of the simulator system, will

receive 48 panels (of 16 different types), six cockpit mock-ups, !
and 30 processors; NATO countries, in total, are procuring two
or three trainers for each aircraft system. ;
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The F-16 maintenance simulator family resembles a stand-
ardized system. A common model of processor and a common soft- )

ware system is used for all training applications (panels/mock-
ups). The F-16 system, along with the AWACS simulators dis-
cussed below, may well be the first members of a new standard-
ized simulator system. One result of these simulator programs
is Honeywell's development of what it has termed the "Data Base
Generator." This is a programming language intended to allow
for a simple manual translation of technical manual information
into code and the machine translation of that code into FORTRAN.

The F-16 program provides a dramatic example of the prob-
lems that may arise when operational equipment and training
simulators are developed concurrently. The initial contract,
in September 1977, provided for a target price of $7.5 million
for development and procurement. Delivery to the Air Force of
the first set of 18 panels and mock-ups and 10 pr. cessors was
stipulated for September 1978.

The simulator design freeze was set for January 1978, and 3
the configuration wes to be based on the production version of
the aircraft. However, the technical documentation of the pro-
duction aircraft configuration was not available at that date;
the aircraft continued to undergo engineering changes, and a )
lag developed ir documentation of the changes. The aircraft
configuration changes imposed configuration changes and rework
of the simulation models (panel elements, software, and course-

ware); the lag in documentation increased the amount of rework

L )

required to accommodate the changes.
A recent contract amendment reset the target price of the
training equipment at $28.9 million. It is impossible to at-
tribute a specific portion of the increase to the problems ]
associated with concurrency. However, it appears that a siz-
able portion did arise from this cause.
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bocumentation of current program costs includes separate
estimates of the costs (in terms of the target) for the train-
ing devices associated with each aircraft system simulated for

each of the seven sets of simulators currently on-contract.
These estimates are shown in Table B-12., Note that the total
of non-recurring costs are attributed to simulator set number
seven and that the values shown exhaust the contract total
target cost. (That is, all costs have been allocated to the
individual simulations even though some fraction of them,
especially of the non-recurring costs, are support functions
that are truly common to all elements of the program.)

The estimates contained in Table B-12 allowed a separation

of recurring and non-recurring costs for the simulations asso-
ciated with each aircraft system shown in Table B-13. (Note
that the method used for separation provided a slightly dif-
ferent estimate of total program cost.) The resulting ratios
between recurring and non-recurring costs are quite consistent
with other non-standard simulator programs (see Figure 4).

H. AWACS NAVIGATION

The Air Force plans to provide training simulators for
three AWACS systems--navigation, radar, and possibly the data
display/processor systems. The navigation system has been
delivered and is in operation, while the radar system trainer

has recently been placed under contract., Both these simulators

are contracted to Honeywell, Both are flat panel devices and,
considering the continuity they afford Honeywell, it would
appear that they will be quite simiiar. However, costs of the
devices will be significantly different; one explanation for
the large difference in cost is that the naviation trainer

has a single student gtation while the radar trainer will
have 10.
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TABLE B-13. F-16 SIMULATOR, RECURRING AND NON-RECURRING COSTS
(Thousands of Dollars)

Cumulative

Aircraft System Simulated | Iﬁiﬁg Recﬁg:;ng Rei;;;:ng Re?xs:?gg

Cost Cost
Fire Control 2756 1640 1116 186
Flight Control 4413 2174 2239 373
Navigation 2956 1699 1257 251
Electrical 2621 1269 1352 270
Environmental Control 1872 1110 762 162
Hydraulic 1849 852 997 166
Weapons Control 2781 1560 1221 203
Engine Start 2440 1125 1315 219
Engine Diagnostic 4635 2307 2328 388
Engine Operating 2713 1227 1486 297

Total 29,036 14,963 14,073

The navigation system simulator is the first major train-
ing device USAF has procured for this system. Prior to its
delivery, training was limited to providing introductory train-
ing, without the benefit of training equipment, at Keesler AFB
and transferring graduates to an AWACS operational base for on-
the-job training. The operational base represented the first
hands-on experience received by the students.

Considering the continuity (and overlap) in the AWACS and
F-16 programs, all three training systems should have extensive
similarities in important features. Both the AWACS navigation
trainer and the F-16 systems employ Honeywell's Data Base
Generator, implying similarities in the software systems (with

which the generator must be compatable). It is hard to escape
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a conclusion that these three programs have provided Honeywell
with the essentials of an advanced standardized simulation sys-
tem that wili find application in other training areas.

Cost information on this program was provided by the AWACS
Project Office at the Electronics System Division (Table B-14).
The original FPIF contract with Honeywell provided for a target
cost of $1274 thousand and a ceiling price of §1528. One en-
gineering change was negotiated for $60 thousand, brirnging the
total cost to the Government to $1588 thousand.

The contract has incurred a significant cost overrun.
Honeywell has reported costs of roughly $200 thousand over the
ceiling price, but the Project (. “ice btelieves the total over-
run is approximately $600 thousand (or 40 percent of the ini-
tial ceiling price). The Project Officer attributes the un-
reported $400 thousand overrun to Honeywell's cost in develop-

ing its Data Rase Generator (i.e., software). (See the discus-
sion of the F-16 program, above.) Development of the Data Base
Generator was an independent Honeywell decision, and its cost
appears to have been charged to both the F-16 and AWACS pro-
grams.) The program costs shown in Table B~14 encompass the f
Project Office estimates of total costs (both reported and un-
reported). This is the only simulator program treated in this
tashion. Maintenance of the simulator is provided through a
separate FFP contract between Honeywell and the Air Force
Logistics Command (AFLC). An estimate of Project Office in-
house costs has not been obtained.
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TAR' T

B-14, AWACS NAVIGATION/GUIDANCE (Dollars, Thousands)
American M
Contractor Institute Honeywel1l
far Resparch
Contract Total
Analysis with Maintenance Program
- and System Contract
Ta . “nction Program Program with
Support 0ffice (ESD) AFLC
Non-Recurr ing Cost
Frgnt hxd Ana}ys1s 100 100
ask Analysis n
Other ‘ 10 { 100
Design and Development 1,998 1,998
Hardware 506 506
Software/Courseware 943 943
Technical Data 549 549
0ther
rardvare Fabrication
(non-recurring)
Test and Evaluation 40
Program Management 100 23 123
Total Non-Recurring 200 2,061 2,261
Recurring Cost
Production 127 127
Hardware Fabrication
(recurring)? 127 127
opecial Tcols/Test
Equipment
Initial Spares
Other
Logistic Support 70 70
Interim Maintenance
Support 70 70
Other
Inftiui Training B
Tota) Recurring 197
Program Total Cost 200 2,188 70 2,458

' Including instailation and checkout

b Except for {n-house program management fcr whicn estimate is not available,
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AACS
ABC
ACTS
ADP
AET
AEMT
AFHRL
AFPTRC

AFSC
AIDE
AIS

AMES

AMSAS

AMTE
AMTESS

AN
APL
ARI
AT
ATACS
ATE
AWACS

APPENDIX C
ABBREVIATIONS

Army 3rea Communications Systems

Automatic Boiler Control

Adaptive Computerized Training System (Perceptronics)
Rutomated Data Processing

Actual Equipment Trainer

Automated Electronics Maintenance Trainer (Honeywell)
Air Force Human Resources Laboratory (Brooks AFB)
Air Force Personnel and Training Research Center
(now AFHRL)

Air Force Specialty Code

Automated Instruction, Direction and Exercise
Avionics Intermediate Shop

Aircraft Maintenance Effectiveness Simulation

(a model developed by XYZYX Information

Corporati«n for NTEC)

Advanced Manpower Concepts for Sea-Based Aviation
Systems

Automated Maintenance Test Equipment

Army Maint.nance Training and Evaluation Simulation
System (AR:/PMTRADE)

Army-Navy

Authorization Parts List

Army Research Institute

Action Taken

Army Tactical Communications System

Automatic Test Equipment

Airborne Warning and Control System

C-1
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BIT Built-in Test

BITE Built-in Test Equipment

CAl Computer-assisted Instruction

CAM-T Consolidated Aircraft Maintenance Training (Air Force

hands-on training)

CASEE Comprehensiveness Aircrait Support Effectiveness
Evaluation
CB Component Breakdown
CIWS Close-In Weapon System (Phalanx Gun System)
CMI Computer-Managed Instruction
CNR Communication Navigation Radar
CNTT Chief of Naval Techtbnical Training
CPFF Cost Plus Fixed Fee
CPIF Cost Plus Incentive Fee
CRS Component Repair Squaedron
CRT Cathode Ray Tube
CsD Constant Speed Drive 2
cur Cross Utiliz.tion Trained (AF)
t
DCS Deputy Chief of Staff
DRS Detection and Ranging System )
DS Direct Support
DSB Defense Science Board
ECC Educational Computer Corporation 3
ECM Electronic Countermeasures
EEMT Electronic Equipment Maintenance Training
(Navy Class A Training School, Honeywell)
EPICS Enlisted Personnel Individualized Career System 1
EIC Equipment Identification Code
ETM Extension Training Materials f
FCS Fire Control System
C-2 E




FFP
FIS
FLIR
FOMM
FPIF
FPJPA
FRAMP
FTD
FVS

GMTS
GNS
GS
GSE

HHC
HUD

ICAP
THOMS

I level
IMA
IMTS
INS
IPSA
IRR
ISD
ITDT

JCN
JPA
JTPT

Firm Fixed Price

Fault Identification Simulator (Navy)
Forward-Looking Infrared

Functionally Oriented Maintenance Manual

Fixed Price Incentive Fee

Fully Proceduralized Job Performance Aid

Fleet Readiness Aviation Maintenance Personnel
Field Training Detachment (Air Force)

Fighting Vehicle System

Generalized Maintenance Training System (Navy)
Guidance and Navigation System

General Support

Ground Support Equipment

Headquarters/Headquarters (ompany
Heads-up Display

Improved Capability

Intermediate Hands-on Maintenance Simulators (NTEC)
Intermediate Level Maintenance

Intermediate Maintenance Activity

Integrated Maintenance Training System (NTEC)
Inertial Navigation System

Integqrated Personnel Systems Approach
Integrated Radio Room

Instructional System Development

Integrated Technical Documentation and Training
(Army; now called SPAS)

Job Control Number
Job Performance Aid

Job Task Performance Test




LAS
LRU
LTTA

MACT
MAINTIP
MCAS
MDC

MDS
MFHBF
MIL STD
MIMS
MITIPAC

Mk /Mod
MMTR
MTTR
MOS
MTBF
MTBR
MTM
MTS
MTU

NALCOMIS

NAMP
NAMTD
NARF
NAS
NAVAIR
NEC
NFE
NIP

Lockheed Aircraft Services
Line-Replaceable Unit '
Logic Tree Troubleshooting Aid

Malfunction and Circuitry Trainer

Maintenance Training Improvement Program (NTEC) N
Marine Corps Air Station

Maintenance Dependency Chart
Model/Designation/Serizs (Air Force)

Mean Flight Hours Between Failures

Military Standard

Maintenance Instruction Manual System

Modular Integration of Training Information by a
Performance Aiding Computer (Navy)

Mark/Model

Military Manpower Training Report

Mean Time to Repair

Military Occupational Specialty (Army) .
Mean Time Between Failures

Mean Time BetwJeen PRepairs

Maintenance Training Management

Mobile Training Set (for Field Training Detachment) H
Maintenance Training Unit

Navy Air Logistics Command Management Information
System

Naval Aviation Maintenance Program

Naval Air Maintenance Training Detachment

Naval Air Rework Facility
Naval Air Station

Naval Air Systems Command
Navy Enlisted Classification
Not Fully Equipped

NAMP Improvement Program
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NOR
NORM
NORS
NPRDC
NSN
NSRDC

NTEC
NTIPP
NTIPS

oJT
0O level

PACAF
PE
P IMO

PINTO
PMTRADE
POMO
PROM

REES
RFP
ROM
RTE

SAC
SAMT
SDC
SEL
SIMMS

Not Operationally Ready

Not Operationally Ready - Maintenance

Not Operationally Ready - Supply

Navy Personnel Research and Development Center
National Stock Number

David W. Taylor Naval Ship Research and Development
Center

Naval Training Equipment Center

Navy Technical Information Presentation Program
Navy Technical Information Presentation System

On-the-Job Training
Organizational Level Maintenance

Pacific Air Force

Program Element

Presentation of Information for Maintenance and
Operation

Performance Improvement for Navy Training Organizations
Program Manager for Training Devices (Army)
Production-Criented Maintenance Organization (AF)
Programmable-Read-Only~-Memory

Reactive Electronic Equipment Simulator

Request for Proposal

Read-only Memory

Resident Training Equipment (for technical training
center)

Support Action Code

Simulated Avionics Maintenance Trainer

Sample Data Collection

Selected Eguipment List

Symbolic Integrated Maintenance Manual Systemn
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SMART
SMTE
S0JT
SPAS
5QT
SRA
SRU
STRES

TAC
TACAN
TAMMS
TICCIT

TJS
™
TMS
TOT
TRAM
TRU

USAFE

VAST
V' TAS

wBS
WC
wucC

System Malfunction Analysis Reinforcement Trainer

Simulated Maintenance Task Environment

Supervised On-the-Job Training

Skill Performance Aids System (Army; previously ITDT)

Skill Qualification Test (Army)
Shop-Replaceable Assembly
Shop-~Replaceable Unit

Simulator Training Requirements and Effectiveness

Study (AFHRL)

Tactical Air Command
Tactical Air Navigation

The Army Maintenance Management System

Time-shared, Interactive Computer Controlled Informa-

tion Television

Tactical Jamming System

Type Maintenance

Type/Model/Series (Navy)

Task-Oriented Training

Target Recognition Attack Multi-sensor

Tester Replaceable Unit

United States Air Force - Europe

Versatile Avionics Shop Test (Navy)

Visual Target A v"uisiticn Systerw

Work Breakdown Structure
Work Center
Work Unit Code




-

66 -1
& 66-5

Maintenance and Material Management System {(Navy)

Air Force Maintenance Management System (name
derived from the Air Force manual that sets forth
maintenance policy.)
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APPENDIX D

GLOSSARY

Courseware: Student handbooks and manuals and that portion of
the set of computer programs resident in a simulator that
implements the simulation model and otherwise addresses the
operation/functioning of the equipment being simulated.

Cross-Skill Maintenance: Maintenance associated with one skill
area that is performed by personnel trained in a different
skill area.

Depot-Level Maintenance: Rear area maintenance, major repair
or equipment modifications performed largely by civilians
in military organizations.

Direct-Support Maintenance: Intermediate-level naintenance per-
formed in units attached to or organic with large combat
units, e.g., divisions (Army).

Fidelity: A normative term that describes the extent to which
a simulator duplicates its operational counterpart. Physi-
cal fidelity refers to physical appearance, since a simu-
lator may be two-dimensional or three-dimension&él, or some
combination, in its construction. Functional fidelity
refers to the extent to which the performance characteris-
tics of operational equipment have been duplicated in the
simulator.

General Support Maintenance: Intermediate-level maintenance
performed in units attached to higher commands, e.q.,
Ccorps, Theatre forces.

Intermediate-Level Maintenance: Maintenance pertformed in a

shop by a maintenance or repair unit.
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Maintenance Action: All effort associated with the completion
of a maintenance reguirement (e.g., the correction of a
malfunction) that permits the return of equipment to an
operational status.

Maintenance Task: A single procedure that is performed as part

of a maintenance action. For example, remove, troubleshoot,

.

repair, and install are discrete tasks in a maintenance
action that corrects a malfunction and restores equipment
to operational status.

Of f-Equipment Maintenance: Maintvenance performed on equipment
systems and assemblies that have been renoved from weapon
end-. cems.,

On-Equipment Maintenance: Maintenance performed on equipment
systems and assemblies while they are installed on weapon
end-items, )

Organizational Level Maintenance: Maintenance performed directly
on operational equipment (e.g., fault detection, component
replacement) by personnel assigned to units that operate
the equipment. '

Simulation: The imitative representation of the operation/
functioning of one system by another system. It consists
of the simulation model, display and control panels, and
other input/output facilities peculiar to the system being )
simulated.

Simulation Model: A mathematical model that describes the
operation/functioning of a particular system or equipment.

Simulator: The device (i.e., hardware and software) con which a )
simulaticn is implemented.

Simulator Model: Simulators of a given (complete or partial)
configquration.

-~

Software: That portion of the set of computcr programs resi-
dent in a simulator that is not unique or peculiar to the

system being simulated (i.e., the routines concerned with




utilities, input/output, translation, etc. that are em-
ployed for general control of the computer).
Team Maintenance: Maintenance actions or tasks that are per-

formed by more than one person.




